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PREFACE 



Many text books have been published under the general title of 
** Electrical Engineering." An examination of these books reveals 
on the part of their authors a conception of the preferential scope 
of the subject which is at complete variance with my conception. 
Hence, beyond the similarity of title, there is nothing in common 
between the present treatise and these others. 

I have omitted routine descriptive material as well as the 
elementary generalities regarding electricity and magnetism, and I 
have directed my efforts to an attempt to familiarize the reader 
with various considerations and calculations of which a sound 
knowledge should be acquired in order to enable him effectively 
to engage in practical electrical engineering work. 

Regrettable as it appears, it is nevertheless a fact that the real 
progress in electrical engineering is being made by too small a 
majority of those engaged in the electrical engineering profession. 
Many have not the remotest approach to broad knowledge of the 
subject ; often they have not the energy or the enterprise to exer- 
cise their own reasoning faculties. Such are hardly more than 
figure-heads desirous on the one hand of being on the side of the 
most fashionable engineering fad, so soon as there is no longer any 
doubt of its being fashionable, and on the other hand hesitating to 
depart from the cut-and-dried practice of years' standing, which 
makes the preparation of plans a mere matter of copying, and 
eliminates all risk and uncertainty. Swayed by these opposing 
tendencies, they soon become incapable of seeing any engineering 
question in its true aspects. Steam turbines are recommended, 
utterly regardless of whether condensing facilities are sufficient ; 
single phase traction by commutator motors is heralded with a 
flourish fit trumpets by the very engineers who had previously taken 
up the position that one of the chief objections to the continuous 
current motor is the necessity of employing a commutator; electrical 
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energy is developed from water power and transmitted over con- 
siderable distances to a market which could have been supplied at a 
much lower price by putting down steam-driven plant on favourable 
eites in the vicinity ; enormous sums are sunk in electric power 
schemes which competent advisers could have demonstrated to be 
foredoomed to failure ; extra-high voltftf^je is used on underground 
cables when a lower voltage would have been more economical, 
while, on the other hand, tons of superfluous copper are suspended 
overhead owing to antiquated prejudices and restrictions limiting 
the voltage. 

One cannot, of course, expect much with industry organized as 
it at present is, on the basis of sordid competitive motives, and it is 
probably too much to expect this state of affairs to have other result 
than to inculcate subserviency in the engineers employed on the 
staffs of manufacturing companies, and to stimulate the zest with 
w^iich they enter into the sjjirit of defeating attempts at sound 
engineering. For sound engineering can be attempted under a 
system of competitive tenders only when rigortiusly sound specifi- 
cations are issued as a basis for the tenders, and in their struggle 
for promotion the engineers in manufacturing concerns are apt to 
cater to the policy which looks no further than the obtaining of 
immediate orders for their companies, and are rewarded by i>o8t8 
where they are in a position still more effectively to impede sound 
engineering work. 

I shall feel well pleased if this treatise contributes to the exposure 
of these fundamental fallacies and pernicious tendencies ; to the stimu- 
lating of rational electro- technical investigations and, in general, to 
promote electrical engineering progress along sound lines. 

Alert and well- trained minds, capable and eager to hold indepen- 
dent views when based on common sense, and uot shrinking from 
the enormous labour associated with genuinely creative engineering 
work, are, with the broadening field of electrical engineering, 
urgently needed at the present time. The acquirement of a true 
engineering instinct is an all-important essential. Behrend states 
that :— 

'* There is in the realm of ideas a distinct difference between 
* natural ' ideas and ' forced * ideas. The natural idea may be 
likened to a plant growing under favourable conditions and adapting 
itself to its environment ; the forced idea may be likened to a plant 
raised in a hot-house, with the exclusion of such conditions as might 
have a tendency to prevent its development. The natural idea will 
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survive ; the forced idea ivill go to the wall ; but it is only after 
extended experiments conducted on a large scale have been 
laboriously completed, that we realize that an idea has been followed 
out that could have . lived only under particularly favourable 
conditions, sutjh as are not usually found in practical operation.*' 

I am of opinion that were engineers to display greater frankness 
in dealing with current engineering questions as they arise, there 
could not fail to result a more general acquirement of true engineer- 
ing instincts and an avoidance, to a greater extent, of the wasteful 
method of only distinguishing " forced " ideas after the loss of 
much valuable time and the waste of vast sums of money. 

As a case in point the single phase railway mania may be cited. 
This has even now hardly run its course, although a thoughtful 
consideration of the case should have long since enabled engineers 
to see that it is a " forced " idea. Behrend points out that : 

" The very much reduced output of both generators and motors, 
if operated single phase ; the reduced efficiency ; the impaired 
regulation ; the increased heating and less stability of single phase 
motors and generators, connected with the increased cost resulting 
from the greater amount of material required ; these form the main 
reasons which induce me to call the recent attempts which have been 
made in the utilization of single phase currents a forced idea. . . . 
If single phase currents are to be used successfully, a new creative 
idea must be introduced which will do away with some of the dis- 
advantages peculiar to the present single phase apparatus." 

Another instance cited by Behrend on this same occasion is so 
remarkably pertinent that I should like to call attention to it : — 

" In the category of the forced ideas is to be placed the idea of 
transmitting large volumes of power by means of high potential 
continuous current. That such things can be done is unquestion- 
able, but to do them by means of high potential continuous current 
is unreasonable. The intuition of the experienced engineer, which 
is, as it were, the consolidated experience of many years, will guard 
him against becoming too deeply wrapt up in schemes of this sort.*' 

The means by which the true engineering instinct may best be 
acquired cannot be concisely set forth. In my opinion, however, 
one thing is very important, and that is, to be as frank as 
possible, not only when discussing engineering questions with 
others, but also, when working with such questions by ourselves ; 
equally important it is, and by no means e^sy, to be rigorously 
frank with ourselves and so not to delude ourselves into placing 
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confidence in premature conclusions. The first-mentioned relation 
is nowadays but little more than a farcical battle of ** bluff," 
neither participant displaying much -sincerity nor crediting others 
with more. In the second relation, our attitude towards our- 
eelvGs, there is sometimes scarcely less deception. In an interesting 
contribution to the Timtn Eutfuwvrhnj Supplemeut for January 8, 
1908, Prot. Ayrton relates that Lord Kelvin once, in a spirit of 
mischief, had printed and sent out to various of his friends copies 
of a paper containing a number of complicated equations accom- 
panied by wholly meaningless and uiiintertigible text The paper 
was reverentially received, and Lord Kelvin used to relate with a 
twinkle in bis eye that '* nobody has yet found any mistake in that 
paper/' We aspire to employ mathematical or other complex 
methods wbich moat of us are by nature or education utterly 
incompetent traly to comprehend, and we consider this latter 
circtnuHtance to be so woefully humiliating that we have not the 
OOiirage to udinit it even to ourselves. Is it not far better, in such 
% plight, to tbrow away these complicated and, to us at any rate, 
ualMS tools, and turn to simple, if less elegant processes ? 

Tt in, howtivor, useless to generalize even in such questions, and 
when niHecting on these lines, one is apt to come round to the, 
point of view enunciated somewhat as follows by Ruskin : — 

** HiK'li. tbon, are a few of the great principles, by the enforce- 
inont *j( wliich yt>u may hope to promote the success of the modern I 
itudentM of doHign ; but you should remember that none of these^ 
print'i]TbiH will hi\ of any service whatsoever unless you fully 
n»w>gfii/r that Ibi^y are in one profound and stern sense, useless. 
By ibiH I niiHvn that you must understand that neither you nor 
any* inn eiui, in tbo great ultimate sense, teach anybody how to 
tiialm It gooti design. If designing could be taught, all the world 
Would learn, iiH all the world reads or calculates. But designing 
t^ n(^t U^ bo Hpc^lltul nor sunnned* My mmi. continually come to me, 
in my drawing (Huhh in London, thinking I am to teach them what 
iH instanily to enal>Ie them to gain their bread. * Please, sir, show 
UH how to design/ * Make designers out of us,' And you, I doubt 
not, iuirtly expect me to tell you to-night how to make designers of 
your Bra<lf(»rd youths. Alas ! I could as soon tell you how to make 
or manufacturti an ear of wheat, as to make a good artist of any 
kind. 1 can analyse the wheat very learnedly for you, and tell 
you that there is starch in it, and carbon, and silex. I can give 
you starch and charcoal and flint, but you are as far from your ear 
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of wheat as you were before. All that can possibly be done for 
anyone who wants ears of wheat, is to show him where to find 
grains of wheat, and how to sow them, and then, with patience — 
ground and weather permitting — the ears will come. So in this 
matter of making artists — first you must find your artist in the 
grain ; then you must plant him ; fence and weed the field about 
him, and with patience — ground and weather permitting — ^you may 
get an artist out of him, not otherwise." 

If we substitute engineering students for Buskin's audience of 
young artists, the pertinence and soundness of the view is very 
striking. 

Before concluding this Preface I wish to acknowledge my 
indebtedness to the work of the late Prof. Lewicki, and of 
Mollier, for certain fundamental data relating to the phenomena of 
friction in steam and of the properties of superheated steam ; to 
Carter's investigations in the subject of electric traction, and to 
the Electrical Review, the Electrical Times, the Times Engineering 
Supplement, Electrical Engineering, the Railway Gazette, and the 
Tramway and Railway World, for the courteous permission to employ 
certain extracts from the columns of their publications. 

Messrs. Edward Arnold and Messrs. "Whittaker & Co. have also 
kindly permitted certain brief extracts to be made from Wilson and 
Lydall's Electric Traction, and from Stevens and Hobart's Steam 
Turbine Engineering. 

Had not the preparation of the MS. preceded Lord Kelvin's 
death, I should, throughout the treatise, have employed the kelvin 
for the unit of energy, instead of the kw hr, and I earnestly 
advocate the general use of the term " kelvin " in this sense. To 
Mr. J. B. Sparks I am indebted for much able technical assistance, 
particularly in the sections relating to the transmission of electrical 
energy. 

London, 1908. H. M. HOBART, 
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CHAPTER I 
Introductoby 

Scope of this Treatise. — Questions concerning the design of appa- 
ratus are throughout this treatise regarded as subsidiary to those 
relating to the design of the stations in which the apparatus is 
employed. The design of electrical machinery is in itself so broad 
a subject that a speciaf course of study is necessary for any 
approach to adequate treatment, and it cannot be considered in the 
present treatise. In like manner, the design of steam boilers, super- 
heaters, piston engines, steam turbines, gas engines, pumps, 
condensers, cooling towers, and other apparatus employed at a 
generating station, constitute equally broad subjects. We shall in 
the earlier chapters aim to acquire familiarity with the results 
which can be obtained from the principal amongst these component 
pieces of apparatus, and to learn to correctly combine them for 
efficient service in aggregates which we shall denote as generating 
stations. 

Energy. — ^We are chiefly concerned in this treatise with three 
forms of energy, namely, heat energy; electrical energy; mechanical 
energy. When energy manifests itself in the form of heat energy, 
it is convenient to briefly call it "heat"; when in the form of 
electrical energy, it may be called " electricity '* ; finally, when in 
the form of mechanical energy, it may be called ** work". 

Unit of Energy. — The quantity of energy when in any of these 
forms, may be expressed in kilowatt hours (kw hr). 

Kilowatt Hour. — The most frequently occurring occasions when 
we must express energy quantitatively, are those on which it is 
being transformed from one kind into another, as, for instance, 
from electricity into heat. The kilowatt hour is 1000 watt 
hours. The watt hour is the quantity of electricity which is 
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transformed into heat io a wire of one ohm resistance when a 
current of one ampere flows tlirough it for one hour. As a potential 
difference of one volt is required to produce a current of one ampere 
in a circuit of one ohm resistance, one watt hour is equal to one 
volt ampere liour for continuous current and for alternating current 
at unity power factor. It is, however, to be noted that in lieavy 
electrical engineering the watt hour is an inconveniently small 
quantity, and the kilowatt hour is more convenient, and is thus 
taken an a unit of energy. 

In the following chapters it will appear that even the kilowatt 
hour is often an inconveniently small unit, for in some departments 
of heavy electrical engineering, xmdertakings requiring millions 
of kilowatt hours per annum are involved. 

It has been customary to denote this quantity of electrical energy 
as one Board of Trade unit since it is a unit which has been 
officially adopted by the Board of Trade^ and it is still frequently 
expressed in this way. It is, however, more often expressed as one 
kilowatt hour. 

When no ambiguity is thereby introduced, it is often customary 
to briefly designate this quantity of energy as one **unit'Vj but 
this course is not to he recommended, as the word *' unit '' should 
be reserved for use in its more general sense. 

In this treatise the following terms are used in dealing with 
quantities of energy :^ 

I watt hour . . . (1 w hr) 

1 kilowatt hour . . (1 kw hr) ^ 1000 w br. 

Weight and J'vhimt\~Oim ton may be defined as the weight of 
one cubic meter of water at a temperature of 4'V 

1 ton — weight of 1 cubic meter {1 cu m) of water 

= weight of 1000 cubic decimeters (1000 cu dm) of water 

— weight of 1000 liters (1000 1) of water 

— 1000 kilograms (1000 kg) 

— 1 000 000 grams (1 000 000 g), 
Prci8mr,—T!lw unit of pressure is 1 kilogram per s»]uare centi- 
meter.^ When not otherwise expressly stated, almdute pressures 

* 4** ig the temperature of maximum density of water. Throughout this 
treatiee the Centigrade temperature acalo is omployecl, and instead of by four 
deg. Cent* or 4*^ C. this temperature is often indicated by 4°. 

' A pressure of one kilogram per sfiuaro centimeter i.s ecjiiivalent to the 
preseiiTo of a mercury coluiun with a height of 7 35,5 mm . It is ahuost e<iui valent 
to the normal atmospheric pressure. For this reason the unit of presi^ure is 
eometimefi designated a ** metric atmaKpht-re/' Ah a unit, it has tln' advantage 
over the ordinary ** atmoe])here " that it is independent of harometric variations. 
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INTRODUCTORY 3 

are to be understood ; that is to say, pressures are referred to an 
absolute vacuum, and not to atmospheric pressure. 

Relation between Heat and Temperature. — The relation between 
heat and temperature for water and steam may be illustrated by 
means of the curve in Fig. 1, which represents the occurrences 
attending the absorption of energy by one ton of water, i.e., the 
" heating " of one ton of water. During the entire operation the 
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Fig. 1. — Relation between Heat and Temperature for Water 
AND Steam at Atmospheric Pressure. 



specific pressure is maintained constant at 1 kg. The curve 
consists of three distinct portions. The first portion, marked 
"Water Heat", slopes upward; the second portion, marked 
" Latent Heat ", is vertical ; the third portion, which is marked 
"Superheat", is slightly curved, but its general character is very 
similar to that of the first portion. 

The first portion of the curve represents the heating of water 
at atmospheric pressure. For all practical purposes the line is 

B 2 
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straight, since the rise in temperature is closely proportional to the 
boat added. 

A connideration of the extent of the deviation from a straight line 
must necessarily be prefaced by a discussion of the ** specific hoat". 
The meaning of the term ** specific heat " may be illustrated by 
an example. At 80^ 1,172^ kw hr are required to raise the tempera- 
ture of one ton of water by 1°, The corresponding amount of energy 
required to raise by 1'^ the temperature of one ton of water at 0^ 
is only l,lt>0 kw hr. Tlie specific heat of water at 80^ is obtained 
by dividing 1,172 by l,UiO, and is consequently equal to 1,010, The 
quantity of energy, l,lt>0 kw hr, which is absorlied in raising the 
temperature of one ton of water from 0^' to 1'^, is the standard 
of reference as regards specific heat, smce water at 0"^ has been 
chosen as the standard substance, and its specific heat at that 
temperature is taken as unity. 

The specific heat of any body at any temperature is obtained 
in the above manner by dividing the kilowatt hours required to 
cause in a weight of one ton a rise of temperature of I"", by 1,160, 
as this is the energy in kilowatt hours required to raise one ton of 
water at 0^, by 1°- 

TABLE I. 



The SpKi'Jic Hmi of Water nt Varimit Ttmjteraluren. 


Tempertttire In Deg», 
Cflut. 


BpeciAc HmU 


Kuergy In Kllowittt Haure 
i-«|niiT<l to tntoa 1 Ton 
ofVlTaiorby r. 





1,000 


1,160 


20 


1,001 


1,161 


40 


1,003 


1,163 


60 


1,006 


1,167 


80 


1,010 


1,172 


100 


1,013 


1.176 


120 


1,018 


1.181 


140 


1.023 


1,187 


160 


1.029 


1.193 


180 


1.036 


1.202 


200 


1,044 


1,211 



* Careful attctition should b© given to Uio use of the decimal Bign in thia 
treati^P, A commn is employed in all cases. Thus ; ooe and thirteen one* 
hundredthw i» writtini l^llS, 

In the case of whoh numliera consigHnjci; of four or more iutegerp, n apace is left 
between every three, but tjo comma m used, thus; one million is written 
1 000 OOO, 
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The values of the specific heat of water at various temperatures 
are given in Table I. 

When, at atmospheric pressure, a ton of water has been brought 
to a temperature of 100°, the absorption of additional energy does 
not cause a further rise in temperature until this additional energy 
has amounted to 626 kw hr. Consequently the second portion 
of the curve in Fig. 1 is a vertical line of a length corresponding 
to 626 kw hr. 

The heat thus requiring to be added before any further rise in 
temperature is occasioned, is called the 'latent heat" of the 
water or the latent heat of vaporisation or of evaporation of water. 

The energy corresponding to the latent heat may be divided into 
two components. The first component represents the energy 
necessary to change the molecular state, and is termed the 
internal latent heat ; the second component represents the energy 
required to expand the water against the surrounding pressure, 
from its liquid volume to its gaseous volume, i.e., to its volume 
when converted into steam. This component is much smaller than 
the first component. It is termed the external latent heat, and 
ranges, according to the specific pressure, from 6 per cent, to 
10 per cent, of the total latent heat. 

If, instead of atmospheric pressure, other pressures are maintained 
during the conversion of one ton of water into steam, the latent 
heat, as well as its two components, have other values. These 
are given in Table II. for a number of different pressures. In 
the second column of the table are given the corresponding 
temperatures at which vaporisation occurs. 



TABLE II. 
Tahle of the Internal y the External ^ aiid the Total Latent Heat of Vaporisation of Water. 



A bRolnte Pressure 
in Kg per bq Cm. 


Temperature of 

VaiMrlMtion in 

Detf. Cent. 


Latent Heat of Vaporisation in Kilowatt Hours per Ton. 


Internal. 


External. 


Total. 


1 

2 

4 

8 

12 

16 

20 


99 
120 

143 
170 
187 
200 
211 


579 
563 
541 
618 
502 
487 
475 


47 
49 
51 
53 
54 
55 
56 


626 
612 

592 
571 
556 
542 
531 



6 HEAVY ELFXTRICAL ENGINEERING 

Prior to Lho absorption by tlie ton of water at vaporisation 
temperature, of the entire amount of energy corresponding to its 
latent heat, the ton of water will not have been converted entirely 
into ateara, but will be a mixture of water and steam* At atmo- 
spheric pressure the latent beat of one ton of steam is 626 kw br. 
When only halt of this quantity of energy, Le,, when only 313 kw hr, 



300 






























^ 




















'f\ 


•rie 


jL* 


^^ 


^ 


800 


















^^ 




















f^ 


^ 


'f^ 


f 














700 














^ 





0/ 






















-^ 




„, 


M 














I, €00 










^ 




^ 




'^ rn 


























^ 


















* soo 








V, 






^ 
























i 






^ 


"' 


m g 














i 

i! A/Iff 








<i 


■^ 




^ 


^^ 
















% 










^ 


^ 


,^ 


-'■ 


^ 














I 








-J 


^ 




g 


-'" 
















^ 300 










^ 




^ 


y 




.A 












ioo 












X 


-J 


)\% 


V 


^f 




















^ 


[^ 


^ 


I.^* 


9^ 






















^ 


y 


lLlt< 


?^^ 


















too 


2 


rpf-i 


w 


y 


>»' 


^l*^ 






















^ 



























50 



4Q0 



WO m 200 iso 300 sbo 

Temperature m Decrees Centi^rsde. 

Pig^ a^—RELATlOK BETWKKN II EAT AND TEMrEllA'lTRK FUR WaTBB 

AND Steam at Various Pressuhes, 

has been absorbed, we sball have a mixture consisting of 0,5 ton 
of water and 0,5 ton of steam. To tbe diagram in Fig, 1 has been 
added a scale showing the ** wetness ** of tbe steam at various stages 
of the process of imparting 626 kw hr to tbe ton of water. At the 
commencement of the process the ** wetness'' is 100 per cent., 
or we may say that the steam has a wetness factor of 1,00, When 
125 kw hr have been absorbed ilia wetness factor is 0,80, and when 




INTRODUCTORY 7 

the entire 626 kw hr have been absorbed the wetness factor is 0,00, 
and we have so-called " saturated " steam. 

Further additions of heat are accompanied by increase of tem- 
perature, and the steam is said to be " superheated *'. This part of 
the process corresponds to the right-hand sloping portion of the 
diagram in Fig. 1. The angle at which this portion of the diagram 
slopes upward is dependent upon the specific heat of superheated 
steam. 

The specific heat of superheated steam varies considerably with 
the temperature and pressure. In Table VI. and Fig. 3 the at 
present most probable values are given. Physicists are occupied in 
obtaining more reliable data. For our purposes at the moment 
it is sufficient to state that the specific heat of steam is roughly 
a"bout half of that of water. Hence a given quantity of energy 
imparted to a ton of steam will raise its temperature through 
about twice as many degrees as the same amount of energy imparted 
to one ton of water. 

These data are embodied in the diagrams in Fig. 2, where are 
drawn for various pressures, a set of lines corresponding to those 
ali-eady given for an absolute pressure of 1 kg per sq cm in Fig. 1. 

The leading properties of steam are entered up in Tables III., 
IV. and V. At the present time, considerable difference of opinion 
exists amongst physicists with regard to the values of the specific 
heat of superheated steam at various temperatures and pressures. 
The values employed in the construction of Tables III. to V. are 
in accord with those given by Mollier in his brochure entitled 
" Neue Tabellen und Diagramme fiir Wasserdampf "^ 

Mollier 8 values for the specific heat of steam are given in 
Table VI. The values given in this Table represent the average 
specific heat while the temperature of the steam is raised from the 
temperature of vaporisation to various final temperatures (100'\ 150^, 
200°, etc.). From these values the curves in Fig. 3 have been drawn. 

The specific heat and specific gravity ^ of some common materials 
are given, together with the kw hr per ton per deg. cent, tempera- 
ture rise, in Table VII. 

Examples of the amount of energy represented by 1 kw hr : — 

1. 1 kw hr is sufficient to lift one ton through a height of 
367 meters. 

* Published (1906) by Julius Springer, Berlin. 

' The specific gravity of a body may be defined as the density, or specific 
weight of the body in grams per cubic centimeter, kilograms per cubic decimeter, 
or tons per cubic meter. 
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TABLE in. 

Table of the Energy ^ in Kilowatt Hours, required to convert One Ton of Water at 
0** C. into Steam at Various Pressures and Superheats. 
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TABLE IV. 
Table of Specific Volume and Specific Weight of Saturated and 
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81 


93 


105 


0,04 
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35 


42 
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28 
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21 


24 
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0,10 
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17 


20 
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15 


17 
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10 


12 


13 
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10 


11 1 


0.25 
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Specific Weight in Kg per Cu m 
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00 43 
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0,14 
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0,028 
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0,067 

0,089 

0,11 

0,13 

0,15 
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0,57 
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0,71 
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4,8 
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TABLE V. 

Tahle of the energy in Kiloumtt Hours required to convert One Ton of Water 

at C C into Steam at tKirious Temperatures and Pressures. 
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Steam Heat (In Kilowatt Iloure ]w»r Ton) of Steam siiiwrboatofl 
to following tMnal Temi)eratures in Degrees Ontigrade. 
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TABLE VI. 

Table of the Average Specific Heat of Steam, heated from the Temperature of 
Vaporisation to Various Final Temperatures. 
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TABLE Vn. 
Table of Specific Gravity and Specific Heat of Various Materials, 



Material. 


8Ti«ciflc Gravity 
(Tons per cum) 


Sixsclflc Heat. 


Kilowatt Bonn required 
to raise the Teiiipen- 
tnre of 1 Ton by 1". 


Kilowatt Hours required 
to raise the Tempera- 
ture of 1 Cubic Meter 
by P. 


Water 


1,0 


1.0 


1,16 


1,16 


Ice 


0,93 


0,49 


0,57 


0,53 


Coal 


1.3 


0,24 


0,28 


0,36 


Wrought Iron 


7.7 


0,11 


0,13 


1,00 


Cast Iron 


7.2 


0,13 


0,15 


1,08 


Copper 


8,9 


0,10 


0,12 


1,07 


Lead 


11,4 


0,03 


0,035 


0,40 


Zinc ... 


6,9 


0,09 


0,11 


0,76 


Aluminium ... 


2,6 


0,22 


0,25 


0,65 


Transformer 










Oil 


0,9 


0,75 


0,87 


0,78 



2. 1 kw hr is consumed at the trolley in propelling a 10-ton tram- 
car of good design on a good and level track for a distance of from 
1 to 2 kilometers or thereabouts (according to the number of stops 
per kilometer), at a schedule speed of some 12 kilometers per hour. 

3. 1 kw hr is absorbed in 84 hours by a 12-candle power 
lamp requiring 1 watt per candle power. If the lamp is only in 
circuit for an average period of two hours per day, 8,7 kw hr 
will be absorbed by the lamp in the course of one year, provided 
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H that it survives for 71)0 hours in circuit, with an averag^^^ 
H efficiency of 1 watt per candlo power and that its candle power 
H does not alter. ■ 
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that is to say, to convert one ton of ice at 0° into one ton of water 
at 0° requires the absorption of 93 kw hr. 

5. The specific heat of ice is 0,49. Consequently to convert one 
ton of ice at — 8° into water at 0° requires the application of 
97,6 kw hr, this amount being accounted for as follows: 

4,6 kw hr are required to raise the temperature of the ice to 0°, 
and 93 kw hr are required to liquefy the ice. 

6. To convert one ton of ice at — 8° into water at + 8° requires 
the expenditure of 107 kw hr, this amount being accounted for as 
follows: as in example (6), 97,6 kw hr are required to change the 
ice into water at 0°, and a further 9,3 kw hr to raise the temperature 
of the water to 8°. 

7. The average specific heat of transformer oil is 0,75, of copper 
0,10, of iron 0,11. In a certain transformer, the weight of the 
copper is 100 kg, the laminations 200 kg, the cast iron case 
150 kg, and the oil 180 kg. The internal loss amounts to 1 kw, 
and it is required to find the time required to cause a rise of 
temperature of 40°, assuming that the heat is exclusively employed 
in causing a rise of temperature, and that none is radiated from the 
external surface of the &ame. 

The oil requires 0,75 X 1,16 X 0,18 X 40 = 6,3 kw hr. 
Similarly, the copper requires 0,46 kw hr, the laminations 1,02 kw hr, 
and the frame 0,75 kw hr The total heat required is 8,5 kw hr, 
so that if the losses in the transformer are 1 kw, the time would 
be 8,5 hours, under the conditions set forth. 

Energy Transfoitnations. — Electrical energy — or briefly— elec- 
tricity, can be transformed into work energy — or work, with an 
eflBciency as high as 95 per cent, in large motors. Work may be trans- 
formed into electricity with equally high efficiency. The remaining 
5 per cent, or thereabouts, is converted into heat energy or — briefly — 
into heat. Electricity and work may both be converted into heat 
with an efficiency of 100 per cent. Thus, if an electric current is 
sent through a resistance, the electrical energy may be entirely con- 
verted into heat in the resistance. If work is performed in 
stirring water, as in Joule's experiment, the work energy may be 
entirely transformed into heat energy. The so-called " generation " 
of electrical energy in generating stations should, strictly speak- 
ing, be described as the transfoiination of energy from heat to 
electricity. 

When we wish to convert heat into electricity or into work, no 
such high efficiencies are attainable. There are no known means of 
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transforming heat directly Into electricity on a large commercial 
scale* Heat may, with a low efficiency, be transformed into work 
in a steam engine or a gas engine, and the ^vork may, at high 
efficiency, be transformed into electricity. The large portion which, 
in the first step, is not transformed into work, remains heat; 
the small part which, in the second step, is not transformed 
into electricity, is converted into (or lost as) heat. Of the heat 
absorbed by a large steam engine or steam turbine, during the 
passage of the steam, only some 60 per cent, can, in the present 
state of the art, ultimately be converted into electricity. 

When we trace the process back to the calorific contents of the 
fuel, it maybe stated that it is rarely practicable to convert more 
than some 8,0 per cent, into electricity. With gas engines some 
25 per cent, of the calorific value of the fuel may be transformed 
into electricity in tbe circuits supplied from the dynamo driven l>y 
the gas engine. The greater eflkiency of the gas engine is, however, 
in large units, offset hy the greater cost, greater depreciation and 
greater space required, as also in many cases by the disadvantage 
of its less uniform turning moment and its less reliability at its 
present stage of development. 

Let us therefore direct our attention to the steam engine or steam 
turliitie, which, as already stated, permits, in large sets, of con- 
verting into electrical energy some 60 per cent, of the energy 
abstracted from the steam in its passage through the engine. 
In accordance with this definition of the efficiency of an engine, 
the heat rejected to the condenser is not regarded as a loss. 
It may be for instance, and often is, employed in heating pro- 
cesses. Waste heat engines have also been devised for employing 
the lower temperature ranges. Whether or not it is expedient to 
further employ the heat energy rejected to the condenser, it is 
nevertheless heat energy. Subtracting this energy from that 
contained in the steam at admission, we have as remainder, the 
energy wbich has undergone transformation in the steam engine 
or turbine, A large proportion o! this becomes converted from 
heat energy into useful work energy, and the remainder is ultimately 
wasted in heating the engine and the surroundings. 

The ratio of the energy delivered from the engine as work, to the 
energy which has been absorbed in the engine, ie., to the "con- 
vertible energy'*, is designated the ** thermodynamic** efficiency. 
In Table VIIL are set out the amounts of ** convertilde " energy 
per ton of steam when working between various admission 
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INTRODUCTORY l1 

pressures and temperatures and various exhaust pressures. With 
an engine of 60 per cent. " thermodynamic " eflSciency, the 
work energy obtained per ton of steam is equal to 0,60 of the 
** convertible " energy set forth in the table. 

The values set forth in the table have been deduced on the 
assumption of expansion without loss or gain of energy by the 
steam. Its temperature during this process of so-called " adiabatic " 
expansion, decreases in accordance with definite thermodynamic 
laws into which it is not proposed to enter. Accompanying the 
decrease in temperature, there is, for certain ranges, a condensa- 
tion of a portion of the steam. The corresponding ** wetness 
factors " are set forth in Table IX. 

The data in Table VIII. are plotted in the curves of Figs. 4—7. 



H.E.B. 



CHAPTEK II 

•^•HE ovkhall efficiency of generating stations and the relation 

liETWKEN COAL CONSUMPTION AND OUTGOING EI-KCTRICAL ENERGY 



In employing the cuBioniary expression " Geoerating Station " 
we must clearly recogniBe that a more exact expression would he 
** Trail sformiuf? Station/' since in such a etation we transform a 
small part of the energy of comhustion of the coal, or other fuel, 
into electrical energy, at the same time — unwillingly — transforming 
a much larger part of the energy of combustion of the coal into 
irrecoverable heat energy . We shall first ascertain how great a 
percentage of the energy of combustion of coal, engineers have 
learned to transform into electrical energy. 

The Calorific Values of /^wt'/«,— Various kinds of coal contain 
widely difterent amounts of Btored-up energy per ton. The heat 
energy obtained by burning one ton of coal in the presence of an 
ample supply of air and under other snitable conditions, may be 
expressed as the energy of combustion per ton, or the calorific 
value per ton. 

In Table X. are given representative conservative values for the 

TABLE X. 

Cithr(/t€ VaJmi of a Nttmher of Vnridiei of Coal, 



eoUTM. 



Wales ... 
England ,,. 
Scotland . . . 




Nfttnre. 



Almost pure anthracite 
Bituminous 
Bituminous 



ClIoi Eilr Value of Coat 

in Kilowatt Houn 

per Tun. 



United States of America i' Anthracite 



Germany 



Bituminous 
Anthracite 
Bituminous 
"Bnmnkohle " 

lignite) 
"Braunkohle" 

lignite) 



9800 
9000 
8300 
9000 
8700 
8300 
8100 
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THE OVERALL EFFICIENCY OF GENERATING STATIONS 19 

energy of combustion of various coals, in kilowatt-hours per ton 
of coal. 

We see from Table X. that the available qualities of coal, range 
in calorific value from 9800 kw hr per ton downwards.^ 8700 kw 
hr per ton is a readily obtainable value. This value represents the 
heat energy obtained by burning one ton of good bituminous coal 
in the presence of a suitable supply of air, and under otherwise 
suitable conditions. 

Examples of the Amount of Energy contained in One Ton of Coal of 
a Calorific Value of 8700 kw hr per ton. — (1.) Could we transform 
this heat energy at 100 per cent, efficiency, into electrical energy of 
suitable voltage, we could run sixty-two 16 c.p. incandescent lamps 
for one year with the energy yielded by the combustion of one ton 
of coal.^ Owing to the losses in transformation, we rarely obtain 
from one ton of coal sufficient electrical energy for more than four 
lamp years. 

(2.) As another example of the energy contained in a ton of coal 
with a calorific value of 8700 kw hr, we may say that this energy 
is sufficient to lift a weight of one ton through a height of about 
8200 km ; or 8200 tons through one kilometer. 

(8.) A farther instance of the amount of energy contained in a 
ton of coal of a calorific value of 8700 kw hr, may be found 
in the statement that it is about equal to the amount of energy 
consumed by an ordinary urban tramcar of 12 tons weight, in 
traversing 10 000 km of average urban route at a schedule speed of 
10 km per hour and with three stops (of five seconds duration 
each) per km, the equipment comprising ordinary continuous current 
series wound motors with series parallel control, and the tramcar 

1 For the convenience of readers who may still be accustomed to deal with 
calorific values in British units we may state that 1 kw hr = 3411 British thermal 
units, and 10 000 kw hr per ton = 15 500 British thermal units per lb. 

The plan employed in the present treatise is to express all energy in kilowatt 
hours, so that the energy, whether in the coal, in the steam or in the electrical 
system, shall in all cases be expressed in the same unit 

> This statement is based on an incandescent lamp consuming 1 watt per 
candle power. 

.'. 1 candle power hour requires 1 watt hour. If the watt hours per ton of 
coal = 8 700 000 then the candle power hours per ton of coal = 

8_Z??_?9? = 8 700 000 
1,0 

m ^ , J, 8 700 000 ^^^ 
Total candle power = ggx ^ = 990 



No. of 16 c.p. lamps =-^^ = 62 
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20 HEA\Tr ELECTRICAL ENGINEERING V 

being accelerated and bralced in accordance with present approved 
prftctice. That in actual practice, a ton of coal is consumed at; 
the generating station for every 800 car km or less, is due to the 
fact that some 9*2 per cent* to 96 per cent, of the energy of combus- 
tion of the coal, is transformed into irrecoverable heat energy in the 
course of the various transformations of etiergy oeciirring between 
the coal pile and the trolley wheel. 

(4.) As another example, let us take a 200 ton train, travelling 
on a level track at a uniform speed of 60 km per hour, and requir- 
ing a tractive force of 3 kg per ton. Suppose the h)eomotive has 
an efficiency from coal to axles, of 1,5 per cent, for this speod and 
tractive force. How many kilometers can the train travel while 
burning one ton of coal, having a calorific value of 8700 kw hr 
per ton ? 

Energy transmitted to axles per ton of coal burned — 
0,015 X 8700 = 130 kw hr 
1 kw hr - 0,367 ton km 
130 kw hr = 17,6 ton km 

Or, a 200 ton train could be lifted through |'^ = 0,288 km 

As the coefficient of friction is 0,003, this is equivalent to the 

238 
200 ton train running rJr^^ = 79 km on the leveU with a coal 

consumption of one ton. 

This is a consumption of 11,2 kg of coal per km. 

(6.) If 93 kw hr of energy are imparted to one ton of ice at 0'^' C, 
the ice is transformed into water at 0^^ C. 

,-, If the energy set free by the complete combustion of one ton 

of coal of a calorific value of 8700 kw hr were entirely transferred 

8700 
to ice at 0^ C, then ^ 93,5 ton of ice would be melted. This 

93 

would have a volume of about 93,5 cu m and corresponds to a 

cubical block of ice raeasuiuig 4,55 meters on each side. 

1 kw hr raises one ton of water, by 0,8(3^' C. 

/. The energy of combustion of one ton of coal of a calorific 
value of 8700 kw hr per ton, is suflicient to raise the temperature 
of 8700 X 0,86 = 7oOO tons of water by 1*^ C. 

7500 tons of water occupy a cubical space measuring 19,6 meters 
on each edge. 

Thus the energy of combustion of one ton of coal of a calorific 
value of 8700 kw lir per ton, will : 1. Melt 93,5 tons of ice at 0"* C, 



I 
I 



m. ■ 
be I 
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or 2. Increase from 0° to 1° C, the temperature of 7500 tons of 
water. 

7500 



The latent heat of ice is 



93,5 



= 80. 



93 



While 93 kw hr is required to melt one ton of ice, ^ = 

1,16 kw hr suflSces to raise the temperature of one ton of water 
from 0° to 1° C. 

Consider one ton of water at a temperature of 100° C, and at 
atmospheric pressure. We see from Table III. that 626 kw hi: 
are required to evaporate this ton of water into steam at the same 
temperature ; hence the latent heat of steam at this pressure is 

626 



1,16 



= 540. 



In burning one ton of good coal under a boiler, we may transfer 
to the contents of the boiler 75 per cent, or more of the energy of 
combustion. To calculate the effect, we may consult Table XL, in 
which are given values for the energy absorbed in kw hr in raising 
one ton of water from 50° C to the boiling point at various absolute 
pressures, and in evaporating it at those pressures and in super- 
heating it 50° C, or 100® C, as may be required. 
Table XI. has been derived from Table III. 

TABLE XI. 
Energy required to raise One Ton of Steam from 
Water at 50" C to various Pressures and Degrees 
of Swperheat. 





Kilnvatt Hours per Ton of Hteam raiswl 
from Fccil Water at a Tompeniture of 60' C. 


Boiler Pressure 
(abs.) in Kg per 
Sn Cm, i.e., in 
Metric Atmo- 
spheres. 




Amount of Superheat in Degrees Cent. 










0"C. 
(Sat. Steam). 


wc. 


100° c. 


8 


709 


743 


776 


10 


712 


748 


781 


12 


715 


752 


786 


14 


718 


756 


791 


16 


720 


759 


795 


18 


721 


761 


798 

1 

1 



It is convenient to consider water at QP C as devoid of internal 
energy, and it is merely necessary to make the mental reservation 
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» 



I 



that this IB not strictly the case. In Table XI. we have derived 
values for the kw hr required to raise one ton of steam from 
water at 50^ G, and this has required deducting from the values in 
Table IIL the kw hr absorbed in increasing the temperature of one 
ton of water from 0^' C to 50'^ C. Thus from Table IIL we find that 
afc an absolute pressure of 10 kg per sq cm, one ton of water at 
0° C requires 806 kw hr to convert it into steam w^ith 50^ C of 
superheat. But to raise the temperature of one ton of water from 
0'' C to 50^^ C requires 50 x 1,16 — 58 kw hr, and this amount 
must be deducted, 

806 - 58 - 748 kw hr. 

Therefore 748 kw hr are necessary to raise one ton of steam at 
an absolute pressure of 10 kg per sq cm, and with 50"^ C of super- 
heat, from water at 50^ C. The other values in Table XL are 
similarly derived. 

From the values in Table XI. we may readily deduce Table XIL, 
in which are set forth the tons of water evaporated per ton of coal 
of various qualities, and for boiler efficiencies of 60 per cent,, 05 
per cent., 70 per cent, 75 per cent., and 80 per cent., and for various 
pressures and superheats. 

Since we may obtain from Table XIL the number of tons of 
steam raised per ton of coal burned, for boiler efficiencies of 
60 per cent, to 80 per cent, for given pressures and amounts of 
BU])erheat, it is a simple step to deduce the fuel cost for pradocing 
one ton of steam when burning coal of a given price per ton, and a 
given calorific value. Fuel costs thus derived are entered up in the 
second column of Table XIIL for steam raising plants of from 
60 per cent, to 80 per cent, efficiency, burning coal of a calorific 
value of 8700 kw hr per ton and costing, delivered on site, from 
four shillinga to sixteen shillings per ton. The stated boiler 
efficiencies must be understood to include the overall efficiency of 
boiler, superheater and steam piping. 

Steam driven generating sets consume, according to ciixumstiinces, 
from 6 to 20 kilograms (thousandths of a ton) of steam per kw hr 
of output from the dynamo. The circumstances affecting the steam 
consumption per kw hr delivered, excluding the question of type 
and design, relate mainly to the average percentage of rated load 
at which the plant operates during the period considered, and to 
the conditions of admission pressure, superheat and vacuum. We 
shall not at this stage enter upon the consideration of these points. 
Assuming that the mean steam consumption per kw hr delivered^ 
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ad qtmlitj of coal, and for the 
I from the right-hand section of 
jRtce per kw lir delivered from 
^er caloriilc value, the fuel cost 
its calorifie values* Let us apply 

- 70 per cent, 

iMgs per ton. 
HI = 9 kg per kw hr. 
^ 7000 kw hr per ton. 
relating to 70 per cent, hoiler 
n, we find for steam consump- 
-especiively, coal costs of 0,118 

I of 9 kg per kw hr we obtain a 
i8 



X ( ,133 

pmce per kw hr, 

^kneratmj Stations. — A very interesting 

i|.h wliich electrical engineering calcula- 

jimy be found in the calculation of the 

Btation, this ei3icieney being defined as the 

^OurB delivered from the generating station 

kilowatt-hours of calorific value of the coal 

Uiis calculation for a representative generating 

fritaiiK During twelve months 1,5 million kw hr 

^rrom this station, and thin was employed for lighting 

Tlie load factor^ waa 22 per cent., and the station 

fensing. The coal burned had a calorific value of 

'per ton* 6700 tons were burned during the year. 

U)tal energy of combustion for the year, amounted to 

7500 X 6700 = 60 miUion kw hn 

lie overall efficiency of the generating station was 

1 5 

-^ = 3,0 per cent, 

aile this is not a good result, it is nevertheless typical of the 
at majority of generating stations of this type and capacity. A 

load factor is the ratio of the average output taken over the 8750 hoiu*s 
V to the maximum output at any time during the year. 
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comlensiog station of this otitpat should, however, show at least 
5 per cent, efficiency* With large modern stations, efficiencies of 
over 7 per cent, are often attained. Thus for the year ending 
June 30th. 11K)I, the efficiency of the Berlin Electricity Works, with 
an output of 113 million kw hr from a number of distributed 
generating stations, works out at 9,6 [>er cent,, and the efficiency 
obtained by tliis company for the yenr ending June 30th, 1905, 
when the output had risen to 141 million kw hr, was 10 per cent. 
For the year ending June 30th, 1906, the output of the Berlin 
Electricity Works was 167 million kw hr, and the overall efficiency 
was 10,3 per cent 

Tlie overall efficiency of the generating station of the Glasgow 
Corix>ration Tramways, for the year ending May 31st, 1906, and 
with an output of 26 million kw hr, was 9,6 percent. The Sheffield 
Corporation Tramways, for the same year, had an output of 
14,5 million kw hr from tlie generating station, and an efficiency 
of 7,8 per cent. 

From the vaiious sources from which this data was brought 
together, it appeared that the average price paid for coal, and the 
calorific value of the coal used in these plants, was as shown in 
Table XIV. 



T.1BLE XIV. 
Co0i and Calorific Falti« of C<Hd H9ed m i 


mriffu* Gtnmiiins BUUhm* 




dMtofOoann 
SUllliasi per Tun. 


pcrXou* 


Berlin Electricity Works (1905) 
Glasgow Corporation Trauiwavs i : ; 
Sheffield Corporation Tramways (1906) 


16,0 
6.4 
8,2 


8 100 
8 100 
7 700. 



From the data in Table XIV* we may deduce, as in Table XV,, 
the fuel cost per kw hr of calorific value of the coal, and then, 
dividing by the efficiency, also the fuel cost per kw hr of output 
from the generating stations. 

Given the cost of coal in shillinga per ton, its calorific value in 
kw hr per ton, and the efficiency of the generating station in per 
cent, then the fuel cost in i>ence per kw hr of annual output from 
generating station 

_ 1200 X Co8t o f coat 
"■ Calorific value X Efficiency 
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TABLE XV. 

Fuel Cost per Kilowatt Hour Output from Qenerating Stations 
given in Table XIV, 





Cost per Kilowatt 

Hour of Calorific 

Valufl of Fuel in 

Penc«. 


Efficiency of 

Oeneraling UUtion 

or Stations. 


Fuel Cost per Kilo- 
watt Hour Output 
fh>m Generating 
Stations ia Pence. 


Berlin Electricity 
Works (1905) ... 

Glasgow Corpora- 
tion Tramways 

Sheffield Corpora- 
tion Tramways 
(1906) 


0,0245 
0,0095 
0,0127 


10,0 
9,6 

7,8 


0,245 
0,099 
0,164 



Thus in the case of the Sheffield Corporation Tramways, we have 
— fuel cost per kw hr of annual output from the generating 
station, 

1200 X 8,2 ^,^. 
= 7700 X 7,8 = ^'^^^ P^"^^ 
Let us suppose that the Sheffield Corporation Tramways had 
substituted a coal of a calorific value of 9(XX) kw hr per ton, for 
which a price of 11 shillings per ton was paid, and that the 
efficiency of the steam-raising plant was unaflfected by this change 
in the quality of the coal burned. The fuel cost per kw hr of 
annual output from the generating station would have become 
1200 X 11 ^,Qo 
9-600-x7,8=^'l^^P""'"- 
Instead, however, of burning 24 000 tons of coal per year, only 
7700 
900() 



X 24 OCX) = 20 500 tons of the better coal should be required. 



and hence savings in other directions could be made as the result 
of the lesser weight of coal to be handled. Moreover, the efficiency 
of the steam plant would generally be affected by a change in the 
grade of fuel. 

Suppose the efficiency to have been increased to 8,2 per cent, 
(from 7,8 per cent.), then the fuel cost with the new fuel would 
have become 

— — -— = 0,179 pence per kw hr of annual output. 

yuuu X o,z 

It is a matter requiring considerable investigation to determine, 
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^^ in any particular case, the most economical grade of coal to Le ^H 

^^ burned. It involves also a consideration of the typo and pro- ™ 

portions of boiler, of grate, of stoking arrangements, as well as of 

the cost of modifying or replacing certain of these arrangements M 

with others more suitable to other grades of fuel. ■ 

It has already been pointed out that Works commonly designated ■ 
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The author has analysed the results of a numher of generating" 
Btationa with the object o! tleterminhig the efficiency from the coal 
bunkers to the outgoing mains* We shall denote this efficiency as 
the ** Annual Overall Efficiency " of the generating station. 

Twenty-six of these generating stalioiia are classified in three 
groups in Table XVI. In each group, one-half represents British 

TABLE XYU, 
Further IktmU of the iti^enty-six OaierMnff &aiioM> 









tTbeof 










RoFeivDce 
NuDibtr. 


RdfulU 
Tor Year 
finding 


Working. 


= LijrhtiVg 

P = Power 

T = 


AuTinal 
Factor. 


Pt¥««ure 


Superheat 
inD«g 

omii: 


BxHftQst 

Prauura In 

Kg per Bq Cm. 


L 


1905 


7th 


L.P.T. 


41 


IQ 




_ 


n. 


ISOS 


7th 


KT 


12,8 


10,B 


70^ C. 


0,17 to 0,2 


OL 


1903 


5th 


L.P.T. 


17 


10 


— 


— 


IV. 


]0O6 


9th 


U 


14.5 


9,5 


80" C. 


0,03 


V. 


1905 


17th 


L.P.T. 


46,6 


8,0 


— 


— 


VI. 


iyo5 


dth 


L.PX 


_ 


10 





— 


vir. 


IIKJU 


12th 


L.r.T. 


IM 




3*)** C, 


— 


VIII. 


lUOli 


I2th 


L.rx 


2t^9 


11 


60* a 


0,13 


IX, 


lyo/i 


1 5th 


L.P.T, 


— 


12 


— 


— ^ 


X. 


I9(Mi 


I3th 


L.T. 


iej.6 


11 


70^ C, 


0,60 


XI. 


1905 


latb 


LJM. 


— 


12 


— 


— 


Xll, 


190d 


13th 


L. 


11,9 


11 


— 


— 


xiir. 


1905 


13tb 


L.P, 


35 


13 






XIV, 


iyt>5 


10th 


T. 


16,5 


12 


— 


^ — 


XV, 


1 90*1 


9lh 


T. 


— 


H 


— 


— 


xvr. 


19Ufi 


imh 


L.P.T. 


28,6 


11 


50»C. 


U,13 


XVH, 


lytHi 


6th 


T. 


— 


11 


55 


0J3 


XVI 11. 


19U5 


11th 


L.PT. 


-^ 


12 


—^ 


— 


XIX, 


1905 


14th 


L,P.T. 


37,5 


12 


__ 


— 


XX. 


llXHi 


8th 


T. 


— 


9—13 


20^55 


0,18 


XXI. 


1905 


5ih 


T, 




U 





0,12 


xxu. 


1906 


7th 


T, 


31,0 


— 


,-. 


— 


xxiir. 


190^ 


J>th 


L.p;r. 


— 


14 


— 


— 


xxiv. 


1905 


17th 


L.PX 


. 


12 


— 


. — . 


XXV. 


1906 


12*h 


L,FX 


21.2 


14 


6U^ C. 


0,07 


XXVI. 


1905 


ith 


L,P.T, 


59,4 


14 




*~ 



stations, and one-balf represents stations outside of Great Britain, 
None of the stations are situated in the United States, as the data 
studied did not comprise any such stations. Two considerations 
controlled the choice of stations for inclusion in the investigation. 
The tiTHt consideration was that the available data should comprise 
as many as possible of the conditions affecting the annual overall 
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efficiency. The second consideration was that the range of 
capacities and the average capacity of the British stations should 
be about equal to the range of capacities and the average capacity 
of the stations located outside of Great Britain. The selection was 
made without any reference whatever to the value of the resulting 
average efficiencies. 

The stations are arranged in the order of their annual outputs, 
beginning with a small station with an annual output of about 
one million kw hr, and concluding with a station with an annual 
output of 55 million kw hr. In Table XVI. is also compiled the 
necessary data for determining the annual overall efficiency of each 
station. 

In Table XVII. are recorded various particulars of the stations 
which could be expected to have a bearing upon the efficiency. 

In Table XVIII. these results are averaged for the British stations, 
and for the stations situated outside of Great Britain. From this 
Table is plotted the curve shown in Fig. 8, which may be fairly said 
to represent modern practice for generating stations working under 
average conditions. 

TABLE XVIII. 
Average Overall Efficiencies of Stations given in Table XVI, 



Class. 


Great Britain 

(B)or 
Abroad (A). 


Average Output 
from Generating 
Station during 
Tear in Millions 
of Kw Hr. 


Average 
Efficiency of 
Generating , 

Station. 1 

i 
1 


Between 1,0 and 5,1 
millions of kw hr 
per year. 


) ? 


3,6 
2,5 


4,9 
6,0 


1 

1 Between 7 and 16 
' millions of kw hr 
per year. 


) A 


13,6 
11,7 


8,2 
7.1 


Setween 18 and 56 
millions of kw hr 
per year. 




31,7 
38,5 


7.7 
9,0 



It is a pity that the published returns from generating stations 
are not more complete. Thus we naturally ask ourselves whether 
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it niighfc not be possible to trace a connection between the overall 
etBcieiicy and the extent to wliicli electrical storage batteries are 
employed, but we find that the incomplett^nesB of our data makes 
this impossible. It is fair to assume that all these stations were 
operated condenBiiig, although this fact is recorded only in the case 
of the British Btationa. In fact, non-condensing stations, when 
known to be such, were purposely exchided from the comparison, 
lu but few cases, however, have we records of the average exhaust 
pressure maintained, or ol the average amount of superheat 
employed. Tbe (roniparinon of the capital cost and of the rate of 
depreciation would alKO Ijave been impracticable, and hence one 
cannot say that the one or the other set of generating stations 
represents tho better on^^ineering: 

Aimlt/ms of L<msr8 in Sujiplif Sj/stvuK — ^ Another importiint 
omission from the puhlisbed returns of British generating stations, 
is the annual output from the statufu. The amoinit recorded is 
generally the amount of energy actually used by the consumers. 
The difference between tlie two amounts represents the energy lost 
in transmission. In Table XVL the output entered for the British 
stations lias been obtained by increasing the amount of energy sold 
during the year, by 25 per cent., or in other words, the transmission 
loss has been assumed to be 20 per cent, of the energy generated. 
That this value is a sufliciently fair approximation for the purpose, 
is indicated by the results of an analysis of twelve continental 
generating stations for tbe year 1904. For these cases the average 
transmission losses were as follows: — 



Loss in feeders 
,, ,, accumulators 
„ ,, distributors 



12 per cent. 

I ft »» 
6 t, ,, 



All expressed 

as percentage of 

energy generated. 



■ 
I 



Total 25 per cent. 



Still higher values were obtained for five continental towns that 
included transformers in their tranamisBion system : — 

Loss in Feeders . . . . . . 3 per cent 

„ „ Accumulators 3 „ „ 

„ „ Transformers 17 „ „ 

„ t, Distributors 8 



31 per cent 
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Setting aside minor considerations, it is quite evident that the 
efficiency curve of Fig. 8 is very low. The efficiency of steam 
generating sets at full load, frequently exceeds 20 per cent, in 
larger sizes when operated under reasonably economic conditions 
of pressure, superheat and vacuum, and the efficiency of the steam 
raising plant when working at its rated capacity should not fall 
below 74 per cent. Taking the efficiency of the steam piping at 



•♦J 

I i 



<3 

^3 



*— ^^- — ^. ^ - .-^^ = ! .. 



Fig. 9. 



W 20 30 40 SO 60 W 

Annual Output in Millions of Kwhr 
Efficiencies of Stations as given by Patchell. 



95 per cent., we obtain a practicable full load overall efficiency of 
the generating station of 

0,20 X 0,74 X 0,95 = 14,0 per cent. 
The difference between this efficiency and that actually obtained 
in practice, is due chiefly to the circumstances that the plant is run 
for a large part of the time at considerably less than full load ; that 
fires must be kept up under one or more spare boilers; that 
the boilers and engines are not maintained in the condition 

H.B.E. D 



^^^3^^^^^BEAVY ELECTRIC.y:. ENGINEERING ^^^H 


^m of highest efficiency; that the supply of air to the fires is 110^^ 


^B suitably regulated ; that the coal is not uniformly of the caloritic 


H TABLE XIX, _^J 




Particulurs of SiatioM given % Patchrli. ^ 


m 




a. 


SUititm. 


1^ 


1 1 


i 




1^ 


1 








S 


s 


U 

8400 


h 


H 


I 


1 




Hhefticltl (Nee]>st ml) . 


3,5 


1,83 


15,4 6,50 


13,4 






Towell Duffryii fc^teMin Con I Co. , 


4J» 


1,70 


8400 


14,3 7,ilO 


37.0 


■ 






City riti<J South Lumloii Kail way » 


6,6 


2,(>0 


74W 


14.8 6,7."» 


36,0 


»■ 




L - 


St/Jameftiuid I'all Mall Co. 


6,7 


2,nl 


mm' 23.1 4,33 


18.6 


■ 




CharloUL-uburg, imn . 


fij 


2,04 


7340 1-1.0 C.G^J 


24.6 


■ 






Central Electric Co. . 


7,1 


1,00 


ytKW) 17,1 5,85 


12,5 


■ 




Elberfdd. IIKM . . . . 


7,2 


1,36 


8000 10,9 9.17 


27,2 






Leeth . . .... 


8,4 


3,24 


7100 


23,0 4,36 


14,6 


1 






Gh»rin!? Cross Co. (Bow, 1901) . 


10,3 


1,56 


9700 


1.^,1 6.62 


13,1 






SaHord 


13,7 


1,98 


9260 ; 18,3 6,46 


28,0 








CouQly of LfOndon C-o* . 


11.4 


2,50 


7100 


17,8 6,61 


18.9 






11. < 


Wefttminster ...» 


11.6 


2,26 


93O0 


21.0 1 4,76 


27,0 






Clmring Crow Co. (Bow, 1905) . 


12,2 


1.66 


l»OD0 


14,8 


6,72 


13,7 








Hamburg (ZollTereiu), lt»04 


12,9 


1.36 


8700 1L8 


8,47 


38.6 








, Munich, 1904 .... 


12.9 


1.68 


821 M) 13.8 


7.25 


24,2 








Cologne, 1004 


1S,1 


1,63 
1.77 


8300 


13,5 


7.40 


37,8 


1 




Copcnhatfen, 1904 


13.3 


810O 


14,3 


7,00 


29,3 




1 i Londun Electric Supply Co, 


14.2 


2,08 


7750 


16.1 


6.20 


25,0 


■ 




Newea«llc (Carvilltj fur 6 Mont ha) 


14,6 


1,42 


7100 


KM 


9.95 


37,0 


■ 




,,, J , nriiiifoni 


14 J 


1,87 


8400 


15,7 


6,37 


28.0 


■ 




Ill, - 


I>re8deii, 19i)l. Power and Light . 


18,0 


3,07 


6200 


16,8 


6,33 


29,0 


■ 






Frankfort, lyui . 


lH,.i 


1,53 


8700 


13,3 


7,60 


29,8 


■ 






Glasgow Corpomtion . 


20,fi 


2,04 


68(KI 


13,9 


7,20 


17.4 


■ 






MetrotK»titftn E. 8. Co. , 


22,7 


: 2,10 


7600 


16,0 


6,26 


22,0 


'l 




Hamburg (Combined), 1904 


27,3 


1,54 


8700 


13,4 


7,46 


28,4 






be riic h \ esisehe r 1 od UBtrie-Bezi rk 


27,3 


2,18 


7000 


15,3 


6,54 


35,2 


■ 






! Manchester (Stuait St.) 


28,2 


1,62 


8700 


14,1 


7,10 


36.3 


■ 




IV. - 


i Vienna. lUt)4 .... 


45,9 


1,22 


770O 


9.4 


10,6 


36.2 


■ 




1 Boston (Mass.. U.S.A.), Ediaon . 


49.9 


1,21 


9500 


11.6 


8,70 


28,2 


■ 






: Berlin. 1901 


11H,4 


1,40 


8100 


11.4 


8.77 


31.1 


■ 






Chicago (Kisk Kt.) Edison , 


130.2 


2,04 


6600 


13.3 


7,62 


33,0 


■ 




V Berlin, 1905 

1 


141,1 


1,08 


8000 


8,64 


11,6 1 30,4 


1 




value of the samples tested, and to various other detail circumstances 


1 


^m While improvement shouM be made in all these respects, it ia not ^ 


^m rea&oaable to expect that 14 per cent, efficiency should at present be 
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obtained. In plants of large capacity, however, it should be more 
closely approached than is at present the case. 

As is shown in Table XVI., it is not unusual to find large stations 
with an annual overall efficiency of over 9 per cent. 

In a contribution to the Proceedings of the Institution of Elec- 
trical Engineers,^ Patchell has published some tables of data giving 
the coal consumption, the calorific value, the load factor, and the 
annual output for quite a number of generating stations. The 
author has rearranged Patchell's figures according to the units used 
in the present work, and they are given herewith in Table XIX. 

12 
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Annual Output in Millions of Kw hr 
Fig. 10. Efficiencies of Stations. 

Curve A from Fig. 8, on y 28.— Author's investigation. 
Curve B from Fig. 18, on p. 54.— Attainable values. 
Curve C. from Fig. 9, on p. S3.— Patchell's investigation. 

arranged in the order of increasing annual outputs in millions of 
kilowatt hours. The author has divided these thirty-two results 
into four groups of eight stations each, and arranged in the order of 
increasing capacities of the stations. 

The averages for these four groups are given in Table XX., and 
they are plotted in the curve of Pig. 9. In Fig. 10 are repeated 
the curves of Figs. 8 and 9, and there is also added the curve of 
Fig. 18 on p. 54, which represents values which, it would appear, 



* Junrnal /. E, E,, vol. xxxvi., p 156. 
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ought to be attained. The derivation of Fig. 18 is discussed on 

p, 53, 

TABLE XX. 

Averatfe Results for Statiotts given hy 
PuhhdL 



Group. 


AvrrmgeOtitpiit 

in MUlioiii of 

Kw Hr pi'T 

AJIIIEIIDi 


Factor. 


Avtrag'S 
Kfflrieiicy, 


I. 
II. 

in. 

IV. 


it 

17 
70 


23 

25 
27 
32 


6,3 
6.5 
7,1 1 

8,5 



It ia evident from an examination of Fig. 10, Hxat there is a fair 
agreement between the results of Ihe author's own analysis of 
existing generating stations of various capacities and Patelieira 
resultB. The former curve shows somewhat higher vahiea than the 
latter, partly owing to the fact that many of the results are more 
recent* In Table XXI. are set forth fair representative figures for the 
vaUies at present obtained, and the values which ought to be readily 
obtained* These are roughly estimated for 30 per cent, and for 
50 per cent, load factors. 

TABLE XXL 

Averuyt 0\xrall Efficimctca of Oenerating Station§. Ft/r *dQ per CenL and 
50 per Cent Load Fadar, 



Cijwcity of Station 


loU Fdetoc - 80 Pw C«nt 


Loi4 Factor = 50 For Cent. 


inMlilionsof Kw 
Hub [H!r Annuni. 


Ovoiall Efflclancf 
now obUineJ. 


Overall EfflrJeticy 

wtiirh ihould \m 

ObtaiDabte. 


Ov<?r»ll Emdency 
now obtnined. 


Ovcnll EIDclcncy 

which .houldba 

ObtBlyihle. 


6 
12 
17 
70 


6.8 
7.0 

7.2 
8,4 


7,2 
8.1 
8,6 
9,8 


7.3 
7,8 
8.2 
9.1 


8.2 

9.2 1 
9.6 
10,5 



Anahfsis of L(meg in Generailnu Staiion. — ^It is very instructive to 
note thai of the total heat available from the combustion of coal or 
otlier fuel, only 11 i>er cent*, under most favourable conditions, is 
transformed into useful work. It is interesting to examine where 
the remaining 89 per cent, ia lost. The various losses which occor 
during the process of transformation from heat to electrical or 
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mechanical energy are allocated by various authorities in the 
proportions shown in Table XXIL, where the figures given by 
Professor Dalby, H. C. Stoit (in a paper read before the American 
Institute of Electrical Engineers),^ and by ** Power'' in a pamphlet 
published in 1904, are placed in parallel columns. It is seen that 
there is a very fair agreement between the figures. It is as well to 
remember when comparing the results that no economiser is used 
by Professor Dalby, or by " Power," although in the latter case a 
large amount of heat is returned by the feed-water heater. Pro- 
fessor Dalby's figures are less recent than the others, which are 
actual test results, made under working conditions. 

In Figs. 11, 12 and IS, the figures given in Table XXII. are 
diagrammatically represented by a stream of energy, the various 
losses being represented by small branch streams. The energy ulti- 
mately available at the bus bars is represented by a thick black stream. 
This graphical method of showing the losses is due to Professor Dalby. 

It is interesting to note the large percentage of heat rejected to 

the condenser, due to the low thermal efficiency of all steam 

engines. 

TABLE XXn. 

Shomng Losses during Transformation of Energy contained in Coal into 
Mechanical or Electrical Energy, 



Source of Imui. 


Percentage of Lou of Total Heat as given by tlio 
following : 


Prof. Dalby. 


H. 0. Stott. 


"Power." 


Badiation and asbes . 
Chimney .... 
Bejected to condenser . 
Minor losses 

Total losses .... 

Heat returned by feed water 
Heat returned by economiser 
Net losses .... 
Total energy in coal 
EfSciency .... 


7 
27 

53 
10,4 


10,4 

22,7 

60,1 

6.4 


6,0 
22.0 
67,3 
10,3 


97,4 


99,6 


96,6 


5,0 

92,4 

100,0 

7.6 


3,1 

6,8 

89,7 

100,0 

10,3 


5,0 

90,6 

100,0 

9,4 



" Power Plant Economics," Trans. Am. Inst. Ehc. Engrs.y vol. xxv. (1906), 
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Demand for Electricity, 

It iH IV diflirult maUer to predeteruiiiRi the demand for elec- 
tri«jity. Local conditions vary so widely that it is iinpoasible 
to obtain a very acciirate estimate either of the demand or of the 



Ojimnejf 



Radmtton\ 
S Ashes 




^^^^ergy ay^fiable at 
Efi^me Fiywheei 
Peof. DALBY*a A2fALYSia OF Losses. 




Radtauon 
& Ashes 




Condenser 



^Q^^ Energy ivailsbfe tt£ 
Hu3 ba^ 



Ki^. 12. 



Stoti^s Analysts of LoefejKs. 



Chmnej P2% 







„,«. ^osc in 
^^^^' Concten sdr 

All ^"^^9y ^t'^tf^iife 
^ dC 8us bars 

Kg, 13. •* Power" AKALYSia of I/oasEs. 
Figs. 11, 12 and 13. Akalysis of LossEa n* Steam GE^'ERAxiitfo PiAirr, 

growth of the demand from year to year. Nevertheless, it is possible 
by analvBis of a number of undertakingB to make a rough estimate 
of the proHi>Pi*tsof a power supply Rervirir; a lar-^e denHoly populated 
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area such as a large manafacturing city. We have made such an 
analysis in the following pages, and, as an illustrative example, we 
have at the same time worked out rough estimates for a city of one 
million inhabitants. 

Interior Lighting. — Analysis of returns for twenty-two large 
towns in Great Britain, with populations ranging from 800 thou- 
sand down to 50 thousand, show that for every thousand inhabitants 
there are some 800 eight c p lamps (or the equivalent in larger 
candle power), connected, i.e., 0,8 lamp per person. 

The average number of kw hr per lamp per year works out at 17 
at the customers' meters. The data on which these averages is 
based is set forth in Table XXIII. 



TABLE XXIIL 
Table of Interior Lighting of varioiu British Towns. 



No. 


Place. 


PopuUtion. 


No. of 8 c p 

Glow Lamias 

per InbabiUnt. 


Kw hr per Lamp 


1 
2 
8 
4 
5 
6 
7 


Newcastle-on-Tyne . 
Sheffield . 
Leeds 

Birmingham 
Manchester 
Liverpool .. 
Glasgow . 

Cardiff . 
Newcastle District . 
Leicester . 
Hull .... 
West Ham 


400,0 
418,0 
460,1 
522,2 
698,3 
702,2 
800,0 


2.1 

0,82 

0,8 

0,6 

1,05 

0,83 

1,0 


Not obtainable 
14,6 
214 
19,2 
22,0 
18.7 
20,9 


8 

9 

10 

11 

12 


172,6 
214,9 
220,0 
250,0 
275,4 


0,63 
0,47 
0,85 
0,96 
0,81 


24,9 
28,1 
11,0 
14.0 
29,1 

12,6 
11,8 
16,0 
18,7 
'15,4 


13 
14 
15 
16 
17 


Huddcrsfield . 
Bournemouth . 
East Ham 
Preston 
Oldham . 


95,0 
106,0 
104,0 
120,0 
187,2 


1,4 

1,1 

0,82 

0,88 

0,42 


18 
19 
20 
21 
22 


Darlington 
Tynemouth 
Stockton . 
Hford 
Wallasey . . 


49,0 
61,6 
61,6 
55,0 
66,6 


0,67 
0,62 
0,48 
0,96 
0,69 


18,1 
17,1 
16,6 
28,8 
13,7 






Average . 


0,806 


17,1 
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The c p vahies are expressed in terms of the equivaleDt nuniher 
of 8 c p incandeBcent lamps, when arc lamps or other types of 
incandescent lamps are employed. 

On the basis of 3,5 watts per c p an 8 c p latup requires 
3,5 X 8 - 28 watts 
i.e,, 28 w^att hours per hoiir. 

The average hours buiiiing per year is therefore 

17 X 1000 



28 



= 610 



610 



or o5T"= 1»66 hours per day. 

The ahove figures are from stations which on the average have 
been nnining for about ten years. Of course the precise number 
of lamps per inliabitant varies widely according to local conditions, 
such as the amount of competition by gas lighting, the amount of 
lighting required during the daytime in consequence of fogs, and 
still more upon the enterprise of the conductors of the nndevtalcing. 
Included in this last condition is the price per kw hr. For one 
million inhabitants we should expect, on the basis of eight-tcnths 
of an eight candle-power lamp per inhabitant, a total of 800 000 
eight candle-power lamps. 

A year or two ago we should have based our estimates on some 
such lamp efficiency as 8,5 watts per candle. With the rapid 
progress now being made in improving the incandescent lamp, as 
sliown, for instance, by Tantalum, Osmium, Tungsten and Nernst 
lamps, we could greatly reduce this value. Although, however, 
tlieBe lamps have efficiencies better than two watts per candle, their 
introduction will necessarily be slow, and a large percentage of the 
lamps will for some years continue tolieof the carbon filament type 
and of some such economy as 3,5 watts per candle. Hence for an 
average value, we should not, for the next two or thi^oe years, 1)8 
safe in assuming less than 2,5 watts per candle. 

If the lamps burn on the average 1,7 hours per day, at 2,5 watts 
per candle, the consumption per lamp per day will be 

2,5X8X1,7 = 34 watt honrs. 
The consumption per lamp-year is thus 

For 800 000 lamps the total number of kw lir required will he 
12,4 X 0,80 = ten million kw lir per year. 
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Allowing 15 per cent, loss in transmission and distribution we must 
generate ^^f, = 11,7 million kw hr per year to provide for interior 

lighting. 

Street Lighting. — For four large continental cities for which the 
returns were examined, the ratio of the consumption for public arcs 
to that for private lighting is as set forth in Table XXIV. 

TABLE XXIV. 
Table of Public Lighting Supply for four Continental Tovms, showing relation 

to Private Lighting, 



No. 

1 


Town. 


Kw hr used for 


Total kw hr 


Public Arcs -i- 

Total Private 

Lighting. 


Public 
ArCM. 


Private Arcs. 


Private Glow 
Lamps. 


for 
Private 
Lighting. 


1 
2 
6 
7 


Berlin 
Hamburg . 
Dusseldorf. 
Rotterdam. 


1940000 

218 000 

161600 

61500 


12 610000 
483 000 
234 500 
248 500 


17 400 000 

4 890 000 

1466 000 

798 000 


80010000 
5 373 000 
1700 500 
1 046 500 


1 : 15 
1 : 25 
1 : 10 
1 : 17 



Let us estimate the street lighting at 25 per cent, of the interior 
lighting. Hence for our city of one million inhabitants, we shall 
require to deliver from the generating station for street lighting 
11,7 X 0,25 = 2,9 million kw hr per year. 

TABLE XXV. 

Table for Electric Tramways in various British TovniSj showing Car Miles per 

Inhubit^int and Kw Hr per Car km. [See next page for text). 



Place. 



1 


Sheffield 


2 


Leeds . 


3 


Manchester . 


4 


Liverpool 


6 


Glasgow 


6 


Sunderland . 


7 


Cardiff . 


8 


Nottingham . 


9 


Potteries District 


10 


Warrington . 


11 


Cork . 


12 


Oldham . 


13 


Brighton 


14 


Darwen . 


15 


Carlisle . 


16 


Burton . 


17 


Rotherham . 



Population in 


Car Miles per 


Kw Hr per Car 

Mile. 

0,99 


Thousands. 


Inhabitant. 


425 


21,8 


446 


22,0 


0,87 


750 


29,5 


0,75 


760 


25,8 


1,02 


1000 


26,2 


0,58 


159 


14,7 


0,68 


108 


25,8 


1,04 


240 


17,0 


0,95 


270 


12,4 


0,95 


80 


8,4 


0,73 


90 


15,8 


0,68 


100 


22,8 


0,95 


123 


15,0 


0,96 


40 


10,1 


1,04 


46 


11,7 


0,63 


52 


14,0 


0,84 


58 


16,4 


1,01 


Average . 


18,4 


0,87 
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Sttij'(i 



Load, — By 



liltir 



til 



and an average 
data is set forth in 



_ rocess of avera^ 
tramway returns for seventeen cities in England, we i 
averai^e of 18,4 car km per 3^ear per inhabitaut ; 
consnmption of 0,87 kw hr pur car 
Table XXV, 

For our town of one million persons we should expect about 18,4 
million car km per year. On the baais of 0,87 kw hr per car km, 
we should require 18»4 X 10® X 0,87 = 16 million kw hr per year 
for surface tramways. Such a city would also require at least 
some 22 km of double track overhead or underground railway. 
Taking aa a basis the Central London Eailway, which, with its 
9,25 km, requires annually, including lifts and lighting, some 
eighteen million kw hr, we should, for our 22 km, require 

22 .. . . 

" ~ per year, 



I 



rT^T^ X 18 = 43 million kw hr 



for overhead or under- 



9,25 

ground railway* 

power. — From returns of eight large continental towns set forth 
in Table XXVL with an average population of about half a million 
we find tlie average connection for power works out at 12,5 h p 
per 1000 inhabitants. Also the mean value for the kw^ hr consumed 
per year per connected h p of motive power is 244 kw hr per year 
for these towns. These figures will of course depend on the nature 
of the locality and the class of manufuctore, l>ufc their prnljable 
vabioft as set out in Table XXVL indicate that for our typical town 
of one million people we shall nut err very much during tlie lirst 
years of working in calculating on the mean valueB obtained. 

TABLE XXVL 

Talk of EkdricUy Supply (n vanmis Ofmiuient^il Tomis s!mping hp co7iitfcfe<l 

in Motmri per lOOO InhafdUinfgf tiiid htj hr per Year per hp cminjctftL 



No, 


PIllCO> 


II p in Mot- .IS 

c^i|jijnl«»l Iter 

WAi inhabliiitiUi. 


Kw 1iri>eryr'xii 


PopiiUlinn in 

TlKJUKftJulft, 


1 
2 
8 
4 
5 
6 
7 
B 


Berlin .... 

Hamburg 

Breslau . 

Bremen .... 

DuBseldorf 

Rotterdam . 

Karlsruhe 

Konigsberg * 


20,7 

12,4 

6,5 

1L7 

9,1 

14,0 

18,2 

7,<l 


ai6 

2d8 

856 
160 
266 
125 
182 
812 


2885 
830 
446 
201 
287 
870 
106 
195 


Average . 


12,5 244 
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Hence for our town of one million inhabitants, the power con- 
nection would, on this basis, amount to 12 500 h p of motors, 

causing 12 500 X 244 = 3 million kw hr per year at the customers' 

g 

meters, and requiring a supply of pr^ = 3,5 million kw hr from 

u,oo 

the generating station. Summing up the various requirements we 

obtain Table XXVII. 

TABLE XXVII. 

T(aal Electricity required for Hypothetical City of 1 000 000 Inhabitants, 



Employed for 


Millions of kw br required 

from Generating Station 

per Year. 


Interior Lighting .... 

Street Lighting 

Surface Tramways . . . . 
Elevated or Underground Hallways . 
Power 

Total 


11,7 

2.9 

16,0 

43,0 

3,5 

. 77,1 



Statistics show, however, that the use of electricity for lighting, 
traction and power, is growing rapidly, whereas the above deduced 
total is based upon present conditions. This consideration makes 
it necessary to make our plans with a view to increasing the above 
output by 50 per cent, in the course of, say, the next ten years. 
Hence we shall design our generating station for an ultimate 
capacity of 1,50 X 77,1 = 116 million kw hr per year, or say, 
some 120 million kw hr per year. 

At first, however, we shall only purchase generating apparatus 
sufficient for providingfor one-third of the above amount, or 40 million 
kw hr per year, and we shall thus save the interest on the capital 
outlay which would be required to install at first sufficient machinery 
to provide 120 million kw hr. 

If our expectations are realised, we shall have sufficient demand 
for power to justify installing machinery for another forty million 
kw hr at the end of four years of working and by* the end of the 
eighth year of working, the remaining forty million kw hr will be 
called for and will justify installing sufficient machinery to bring 
the station up to the full capacity for which it was originally 
planned. This procedure also has the advantage that we can obtain, 
in the second and third groups of machinery, the advantage of 
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W 



improvements iimde in the design of generating apparatus dnring 
the coming ei^ht years. 

Annmd Increase in Output, — Table XXVIIL shows the output of 
nine iniportunt pro%'incial towns for the years 1896 and 1*)0(j, and 
the average increase per annum, 

TABLE XXVII Li 

Showiutj the Growth of the Demand for Ekdrkity in Nine Pronncud 

Towm, 



Town. 


(IBM). 


Oiitpn! In Milllona 
of Rw Hr. 


Incrwsa In 
JOYnui. 


Af«nee 
Inmaieper 
CmtPn 

Annum, 


t6IM. 


MM. 


Glasgow . 

Newcastle-on-Tyne 

Manchester , 

Livei-pool 

Leeds 

Sheffield 

Brad ford 

Edinbiir^^h 

Salford '. 


4th 
7th 
2nd 
13th 
2nd 

2Dd 

5th 

l8t 

Ist 


1,1 
0,9 
1,8 

1.2 
0.5 
0,3 
0,7 
0.9 
0,05 


43,9 
42,2 
40,0 
31,5 
21,9 
16.7 
14.0 
12,9 
10,9 


42,8 

41,3 
38,2 
30,3 
21,4 
16,4 
13,3 
12,0 
10,8 


44,7% 
46,7% 
36,8% 
38,8% 
45.3% 
50,2% 
35,5% 
30,7% 
70,6% 



Table XXIX, gives the population of these towns for the same 
years, and tlie average rate of increase. In Table XXX. is com- 
pared the demand for electricity per inhabitant for the two years. 

TABLE XXIX. 
Skawing the Growth of the Populatiim in Nine Prtmncial Towns. 





PopuUtion in 




1 


Town* 


Thou 
ISM. 


■amis. 
ItOO. 


InrnutM in 
10 V<wn. 


{ArrniKe Incrrow 

per wilt. p<ir 

Annnm. 


Glasgow 


i 817 


785 


- 32 


- 0,6% 


NewcaatJe-on-Tjue. 


' 197 


377 


+ 180 


+ 7 % 


Miuicliester . 


.520 


625 


+ 105 


+ 2 % 


Liverpool 


518 


704 


+ 186 


+ 3 % 


Leeds . 


390 


463 


+ 73 


+ 2 % 


Sheftield 


334 


448 


+ 114 


+ 3 % 


Bradford 


216 


289 


+ 73 


+ 3 % 1 


Edinburgh 


277 


337 


+ 60 


+ 2 % 


Salford . 


198 


234 


+ 36 


+ 3 % 



* Tile fii^st four columns of Ihia TaLlo aro frtjm page 436 of the Electrical 
TtTncs yf S<i3>tf'mbi'r '21ih, 190G, 
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TABLE XXX. 



Showing the Demand for Electricity per Inhabitant in Nine Provincial 


Toxms fw the Years 1896 and 1906. 




Town. 


Output in Kw Hr ji«r 
Inhabitant. 


Increase in 


Average Increase 
per cent 




18U6. 


190«. 




per Annum. 


Glasgow . 


1,4 


56.0 


54,6 


15% 


Newcastle-on-Tyne . 


4,6 


92,3 


87,7 


7% 


Manchester 


3,5 


64,0 


60,5 


6% 


Liverpool 




2,3 


44,7 


42,4 


7% 


Leeds 




1,3 


47,4 


46,1 


14% 


Sheffield . 




0,9 


37,3 


36.4 


37% 


Bradford . 




3,2 


48,5 


45,3 


4% 


Edinburgh 




3,3 


38,3 


35,0 


1,5% 


Salford . 




2,6 


46,5 


44,0 


6% 



Table XXXI. shows the demand for electricity per inhabitant 
for 158 continental generating stations. 

TABLE XXXI. 

The demand for Electricity in 168 
Continental Generating Stations. 



Number of 


1 Output in kw hr 


SUIions. 


: per Inhabitant. 


2 


' 2 


5 


4 


16 


6 


12 


t 8 


16 


' 10 


15 


12 


26 


18 


13 


17 


14 


20 


15 


25 


10 


30 


7 


1 35 


11 


over 35 



As to the growth of the demand for electricity in continental 
towns, Table XXXII shows the electrical output and efficiency of 
the generating stations in four continental towns for the years 1901, 
1904 and 1905. The results are shown in graphical form in Figs. 
14 and 15. 
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TABLE XXXII. 

Electrical Output and Efficiency of the Generating Stations in Four 
Continental T(ywn8fr<m 1901—1905. 



TOWB. 


1901. 


1904. 


IMS. 
















Ontpnt. 


Efficiency. 


Output 


ElBclencT. 


Output. 


Efficiency. 


Stockholm . 


2,6 


6,1% 


6,8 


7.6% 


10,9 


10,4% 


Strassburg . 


7,1 


5,7% 


9.4 


8,6% 


10,6 


9,2% 


Stuttgart . 


6,0 


6,5% 


8,5 


6,1% 


9,1 


6,8% 


Breslau 


1,7 


4,5% 


•7,4 


6,7% 


8,1 


7,6% 


Average 


4,4 


5,7% 


8,0 


7,8% 


9,7 


8,4% 



In laying down the plans for a generating station it should be 
borne in mind that as the output of the station increases, the 

TABLE XXXIII. 

Average Efficiency of Continentcd Oeneraiing Stations 
of various Outjmts for different Years, 



Output in 

Millions of Kw Hr 

per Yew. 


Number of 
stations. 


Efficiency. 


Year. 


Less than 1 

1—5 

6—10 

11—20 

100 


24 
30 

3 
5 

1 


4,1 
5.6 
6.1 
6,5 
9,8 


1901 

J 


Less than 1 
1-^ 
6—10 
11—20 
21—50 
51—100 
over 100 


63 
40 
15 
8 
3 
1 
1 


6,5 
6,1 
7,0 
7,8 
7,5 
5.9 
11,1 


1 

-1904 


LesB than 1 
1-5 
6—10 
11—20 
21—50 
61—100 
over 100 


71 
36 
17 
11 

1 
1 
1 


6.4 
6,1 
7,1 
7,8 
6.9 
11.1 
10,0 


"1 
-1905 
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^B attainable efficiency will increase also. This has already been 
^m shown in the case of the four continental towns analysed in Figs. 14 
^m and 15. That it has more general application is indicated by 
^H Table XXXIII. which is a summary of the workings of a large 
^B number of continental generating stations over a period of live 
^m years. Table XXXIII gives the average efficiency of a large 
^m number of continental generating stations of different outputs for 
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inhabitants, and the ordinates the year of operation of the 
generating station. 

Considering the uppermost curve, we see that for eleven towns 
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which started supplying electricity in the year 1893, the rated 
connections were 10 kw per 1000 inhabitants at the end of the 
second year of operation, and that they had risen to 36 kw at the 
end of the eleventh year of operation (1902). 

H.B.E. E 
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Comparing with this the fact that fifteen towns commenced 
supply in 1894, the rated kilowatts being seventeen at the end of the 
second year, and 89,5 at the end of the tenth year, the number of 
towns starting supply each year is given in the Table at the side of 
Fig, 17. All the towns under consideration had a population of 
less than 10 000 inhabitants. 

Capacity of Sinfjle Geni'raiing Station, — As UUistrationa of the 
size of modern generating stations, some rough leading data 
of a number of such stations have been brought together in 
Table XXXIV. 

TABLE XXXIV. ■ 
Leading Pariicuiars of three 7£ftU'hwum Gmeratin^ Stations. H 


1 

1 


1 


HiUD« or G«ti«rat1ng 
SUUoii. 


Millions* of Kilo> 

walt-Hwors 
dfllVBrtKl from 

Btatioii pflT \ WIT 

durinit Otnf! Yenr 

or lliilf YtNfiT. 


Perlwl 
Bldenxi. 


ToUl Kilowatts 

Tfiicd cuiMiclty of 

QenerailiiK SbU, 

ojfclndfTtj,^ ExcittT* 

mid 8«?U for 

Ugliting UDd 

Pdwer In GenoraUni; 

StAtlon. 


Avenge 

during 
total 

jieHiid 
roil. 

«idisml 

Oh 24* 
liuiir 
day). 

2980 


Mwc. 

Load 
during 
Total 
Peritxl 
coll- 
aWeriKl. 

9600 


hmit 
pjietor Hi 
outgoing 

Majiut 

frutti 
Cieuentt* 

ing 
SUtioiu, 


1 

1 


Pinkstou Station 
Glasj^ow Cor- 
Ijomlion Tram- 
ways 


26 


Year 

ending 

May 

1906 


1 1 2(N * 


Sheplienrs Basil 
Static HI (Cent ml 
Ijontlon Kailwaj) 


18,1 


Half 
jear 
endinjf 
Jtinc 
30th 
1905 


5100 


2060 


4000 


53% 


Kingsend Station 
(Dublin United 
Tramways) 


8.2 


Half 
year 

ending 
Jtme 
30th 
1906 


8600 


936 








In Table XXXV, are given rough estimates of the ultimate 
capacities for which these stations would be suitable with a 50 per 
cent, load factor. To the three stations in Table XXXIV. there 
have been added in Talile XXXV. the Neasden Generating Station 
of the MetropoliUn ruilway of London, and the Chelsea (Lot*s 


1 
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Road) Power Station of the Underground Electric Railways Com- 
pany of London; the estimates in these last two cases are, of 
course, only of the roughest nature, as although electrical power 
has now been delivered from these two stations for some consider- 
able time, a number of initial difficulties of various sorts have 
retarded developments, and have led the interested parties to 
suppress information. 

TABLE XXXV. 
UUimate Capacities of Various Stations for 50 per cent Load Factor, 



Nime of OentratS ng 
%\Mtkm. 


IfillJonn of 

Kilowatt 

Hours of AO' 

nil III Cnr^a- 

city uf Gene- 

ruling StaTioii 

for 4 m per 

eetili. Load 

Factor. 


Total Ktio watts 
lUt«iiCapKityof 

Gene rating Seti 
eicliiiJiujf Extitera 
iiidSttatorLight- 

ii>i; and Powftr 

iu Genoraiing 
St»tlnci. 


ATenwsLrad 

gi-Hciura 
Dmy. 


JDg Haxlinum 

Lnnd (bitHMl 

on S<( »r c«nt. 

I^d FkctorX 


Itat€<l cmpa- 

dtjT of QflM- 

ratltig Setn 
InHtallad 

KwHrOntiJul 
per Annum. 


Dublin 
CX.R, 

Glasgow 
Neasden 
Chelsea . 


13 
19,5 

44 

58 

200 


3600 

6100 

11200 
14 000 
44 000 


1480 

5000 

GGOO 

22 800 


2960 

4440 

10 000 
13 200 
45 600 


277 
263 
255 
241 
220 



Systematic Procedure in the Design of Steam-Driven Electric 
Generating Stations. — Single generating stations may thus deliver 
hundreds of millions of kilowatt-hours of electrical energy per 
annum. Let us roughly work out some preliminary figures for 
stations of capacities for delivering 10, 30, 90 and 270 millions of 
kilowatt-hours per annum. By reference to Table XXXV. we see 
that while for the smaller of these stations we shall require to 
install generating sets having 280 kw rated capacity per million 
kw hr per annum, the largest station will require but 200 kw 
rated capacity per million kw hr per annum. The total rated 
capacity of generating sets to be installed, the number of sets and 
the rated capacity per set, are set forth in Table XXXVI. 

With steam generating sets, practically as low a rate of steam 
consumption has been obtained with 1800 kw sets as with any of 
larger capacity. Hence for all but the smallest one of these four 
stations, we can estimate on obtaining the same average steam 
consumption. Taking an absolute admission pressure of 13 kg per 

E 2 
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TABLE XXXVL 
Partieulari of Gcneraiimj Sets to btt IndalUd, 



DesfKiiAtlaii 

of 

Geoermt^ng 

Btalfon. 


HilllotLSOf 

Kwllrper 
Annum. 


Riitt^tl Citpjtttity of 
GKiitiraUtit: S*tt> ^er 
Mllliun Kw l!ri>er 
All rill in « for fjO pur 
cent. Loml Factor, 


Klli.»nlt» Total 

Kut»l CaiMclty 

of <loii(-ratI[ig 

SeUtobe 

IiMlAllml. 


No. of 
Geo«nitJi)g 
B«r«Uibe 
Inatallod. 


Rated Capacity 
of MCh 


A 
B 
C 
D 


10 

30 

90 

270 


280 
240 
210 
200 


2800 

7200 
18 900 
54 000 


4 
4 
4 
8 


700 

1800 

4700 
6800 



sq cm, 50*^ C of superheat, and an exhaust preasurc of 0,15 kg per 
Bq cm, a fair figure for tlie **ali-ilay" steam eonsumption of the 
700 kw seta will be 8,9 kf? per kw hr, and for the larger sets, 
8,4 kg per kw hr, as iii Table XXX VIL 

TABLE XXXVI L 
R^prtsmtati'vt Values of Stemn Oonmimpiion of Generating Sets, 



lUtnl Out|tnt In Kw. 


SteuB Conniinptlon 
at Italod Lona. 


"Alldiy"8Uain 
CtinMiiniiiHon. 


700 

1800 
4700 
G80O 


8.0 
7,6 
7.6 
7.5 


8.9 
8,4 
8,4 
8,4 



The next steps in the estimate are set forth in Table XXXVIII. 

TABLE XXXVUL 
Particulart of Bitam GonmmpUon fttr ^alioiis of Variom Capaeitiei, 



BfiHigDatioti of 
GenenUng 
SUlion, 


Cat«cityln Mtl- 
mnn of Kw 
Hriw^rmitmni. 


Btcun Oonnunp- 

tian In Kg per 
Kw Hr. 


Tcrai of 8ti»in Con- 
BQinod ptT ftunum. 


Avene* Tom of 
Strain per Hour 
durloK year. 


A 
B 

D 


10 

30 

90 

270 


8,9 

8,4 

8.4 


89 000 

252 000 

756 000 

2 268 000 


10.2 

28,8 
86.4 
259 




The next step is to woik back from the steam to the coal. 
Table IIL sets forth the energy in kilowatt liours required to raise 
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one ton of steam of various pressures and superheats. From this 
Table we find that for our standard conditions of pressure and 
superheat (18 kg per sq cm and 60° C superheat) 810 kw hr of 
energy are expended in raising one ton of steam from one ton of 
water at QP G. But we may take the temperature of the feed water 
as 5(P C since we are able to re-employ the heat in the condensed 
steam to raise the temperature of the feed water. 

From Table I. on p. 4 we find that 68 kw hr are required 
to raise one ton of water from 0° C to 50° C. Hence to obtain 
one ton of steam at our standard conditions of pressure and 
superheat, from feed water at 60° C, we shall require to impart to 
the steam — 

810 - 68 = 762 kw hr. 

The average boiler eflBciency will be to a considerable extent 
dependent upon the size of the station, because the larger the 
station the smaller is the percentage of boilers in operation at less 
than full load. Hence we shall for our four plants take the average 
boiler cjiciency for the year at 

66, 68, 70, and 71 per cent, respectively. 
Taking 6 per cent, loss in the steam piping for all cases, we have 
for the combined eflBciency of boilers and steam piping : 
63, 66, 67, and 68 per cent. 

Thus we must burn under the boiler a fuel of such quality and 
amount as to provide during the year the energy of combustion 
shown in the last two columns of Table XXXIX. 



TABLE XXXIX. 

Particulars of Energy contained in Steam used by Generating Sets hwtalled 
in Stations in Table XXXVIII. 



^ry^r 


Capacity 
In 

OfKwilf 

per 
Aiiimm, 


Tons of 

Skaiin Coil' 

iininifll by 

GenBratliiK 

Atiiium. 


Bneiipy hi 
Kw Ur to 
bi' given Ui 
eacli Ton 
of Mlc^iii, 


Total Energy 

tob.1 

Itiliiartwl 

U Btttam 

Ijer Xmv In 

Milliuna 
ofKwMr, 


CoinlHnf*ii 
EUJciflnc)' 
of Uoll^re 
and nvmux 
Piping. 


Total 

Enerjo^ of 

Coinbus- 

tiuh h\ 

MillSoiiSiOf 

KwHr 

per 
An QUID. 


Total 
EiH:rMy of 
CoEii biii- 
tiiiij Trtsr 
liour dor. 

Kw Ur. 


A 
B 
C 
D 


10 

80 

90 

270 


89 000 

252 000 

756 000 

2 268 000 


762 
762 
762 
762 


67 

670 
1710 


65% 
67% 
68% 


105 
292 

850 
2520 


12 160 
83 400 

97 200, 
288 000 



From the data in Table XXXIX., we may obtain the annual 
overall eflBciency of these generating stations, as shown in Table XL. 
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TABLE XL. 
Aujiuai Oterall Ejgicieticits of the Generating Stations given in Table XXXIX, 



Diuiipiiitlon of 
Gennnting Station. 


of kw Ut [ri'livfn'd 

from 8UiU4*r> pfj 

Aniiutti {«). 


ToUl EnnrRy ofCom- 

tnmtlot] or Ctial Biirnwi 

ItiMilliMn^of KwHt 

per Anntim (T>. 


Anninl Overall Kfflcisncy 

gf QelH-ratitlR StaUou 

100 8 

T 


A 
B 
C 
D 


10 
30 
90 

270 


105 

292 

850 

2520 


9,5% 
10,3% 
10,6% 
10.7% 
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Fig. 18. 
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From the curves in Fig. 8 we have seen that the average annual 
overall efGiciencies obtained in practice, on plants of 10 and 80 
millions of kw hr of annual capacity, are 7,8 per cent, and 8,4 per cent, 
respectively, as against the above estimated figures of 9,6 and 10,8. 

As our assumptions in developing the estimates for these four 
stations have been very conservative, we may say that it would be 
reasonable to attempt to improve average present practice, as 
indicated by the curve in Fig. 8, by at least 80 per cent, in stations 
of 10 million kw hr of annual output, and by some 26 per cent, in 
stations of 30 million kw hr of annual output. 

The results for the annual overall efGiciency as arrived at in the 
last column of Table XL. are plotted in Fig. 18. 

Beturniilg to our estimates, let us assume that we employ a 
quality of coal with a calorific value of 8700 kw hr per ton. 
From this figure we at once obtain the number of tons of coal 
burned per year, as set forth in Table XLI. 



TABLE XLL 
Coal Contvmption for Stations A, B^ G and D, 



DesigDation 
of Station. 


Capacity in 

Millions of 

KwHr 




per annum. 


A 


10 


B 


30 


C 


90 


D 


270 



Total energy 
of combuS' 
lion per 
annum in 
Millions of 
Kw Hr. 



105 
292 

850 
2520 



Energy of Com- 
bustion of one 
Ton of Coal. 



8700 
8700 
8700 
8700 



Tons of Coal Con- 
sumed \V6T year. 



12 100 

33 600 

97 700 

290 000 



Do. per hour 
(Average for 
Year). 



1,38 
3,84 
11,1 

33,2 



TABLE XLIL 
Coal Consumption in Kg per Kw Hr for Stations A, B, C and D. 



Designation 
of SUtion. 


Capacity in Millions of 

Kw Hr Delivered from 

Generating Stetion 

per Annum. 


Tons of Coal Borned 
per Annum. 


Kg of Coal Burned 
per Kw Hr Delivered. 


A 
B 
C 
D 

1 


10 

30 

90 

270 


12 100 

33 600 

97 700 

290 000 


1,21 
1,12 
1,08 
1,07 
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In Table XLII. are derived results for the kilograms of coal 
burned (of a calorific value of 8700 kw hr per ton) per kw hr 
of electrical energy delivered from the generating station per 
annum. 

Following these rough preliminary estimates of the quantities 
involved, the design of coal bunkers, coal conveyors, boilers, super- 
heaters, condensing plant, piping, generating sets, cables and 
switchboard, all require detailed consideration. The purpose of the 
present chapter, however, has been to lay down a systematic plan 
of procedure in the choice of plant of the type indicated. 



CHAPTER III 



STEAM RAISING PLANT 

In the preceding chapter we derived fair values for the steam 
consumption of generating stations of various sizes. 

For an absolute admission pressure of IS kg per sq cm, ^0^ G 
of superheat and an exhaust pressure of 0,15 kg per sq cm, we 
arrived at certain values for the steam consumption for stations 
with a 50 per cent, load factor. These values, which should be 
attainable in well-designed plants, are given again in Table XLIII. 

TABLE XLIIL 
Annual and Hourly Steam Consumption of Large Electric Generating Stations. 









Average Tons of Steam 


CRpacity of SUtion 
III MiUions of Kilo- 


"All Day" Steam 
C!onsaniption In 


Tons of Steam Consumed 


per Hour during 


watt Hours per 


Kilogranu per Kilo- 


per annum. 




annum. 


watt Hour. 




(There are 865 x 24 = 
8750 hours in one year.) 


10 


8,9 


89 000 


10,2 


30 


8,4 


252 000 


28,8 


90 


8,4 


756 000 


86,5 


270 


8,4 


2 270 000 


259 



Thus, on the assumption that the maximum load is occasionally 
of one hour's duration, we have 

TABLE XLIV. 
Maximum Hourly Steam Consumption of Large Electric Generating Stations. 



Capacity of Station 
in Millions of Kilo, 
watt Hours per 
annum (50 per cent. 
Ixmd Factor). 


Average Tons of Steam 
per hour during 
Year. 


Maximum Tons of 
Steam per hour. 


10 

30 

90 

270 


10,2 
28,8 

86.5 
259 


20,4 
57,6 

173 

518 
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Table XLIV. shows that, for a generating station of 270 miUion 
kw br capacity per year, the aggregate boiler plant must have 
sufficient capacity,, including a reasonable provision lor spare 
plant, to deal with 518 tons of steam per hour. 

For high speed generating seta, whether reciprocating or turbine 
sets, tbe size of the required engine room is very small in com- 
parison with the size of the boiler house, and it becomes a serious 
problem to avoid great lengths of steam piping from the boilers to 
the generating sets. 

In Fig. 19 is shown a diagrammatic section of a typical electricity 
^m station with slow speed vertical engines. In this case the engine 




yyi W//////// 



fig, 19. diaorammatio section of a typical powee station, with 
Slow Speed Vekticai, Engines. 

room and the boiler house are of about the same size. This outline 
should be compared with the outline of the steam tiu*bine station 
shown in Fig. 21, from which it will be seen that the space occupied 
by the boiler house is several times that occupied by the engine 
room. (This subject is further dealt with in Chapter VIL), 

Hence the space occupied by boilers is an important consideration, 
and is leading to the very general use of boilers of the water-tube 
type. One of the most notable features of this type of boiler is its 
economy in floor space as compared :?ith other types. It may be 
said that for large generating stations, some type of water-tube 
boiler is generally preferable. 

In Table LVL of Chapter VIL are given leading particulars of 
the boiler plant in a number of modern generating stations. For a 
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given required total boiler capacity, the greater the capacity of the 
individual boiler the less will be the total space occupied by the 
boiler installation. The manufacturers of the leading types of 
water-tube boilers are prepared to deliver as standard apparatus 
boilers with a normal evaporative capacity of 15 tons per hour 
" from and at *' 100° C. Table III. on p. 8 shows that to evaporate 
one ton of water at atmospheric pressure and consequently at a 
temperature of 100° G into steam at the same temperature and 
pressure, requires the absorption by the ton of water, of 
626 kw hr of energy. 

Hence this boiler, which the makers are rating at a normal 
capacity of 15 tons per hour " from and at *' 100° C, is one capable, 
at normal load, of conveying to the interior of the boiler 
16 X 626 = 9400 kw hr of energy per hour, 
i.e., at its normal rate of working, it is a 9400 kw boiler. In general, 
the better the quality of the coal the more may be gotten out of a 
boiler of a given rated capacity, although the variation in the steam 
raising capacity due to variations in the quality of the coal is of 
very limited range. 

Thus we may state that this standard boiler is a boiler with which 
energy may be conveyed to the contents at the rate of 

9400 kw. 
If it is required in such a boiler to raise steam at an absolute 
pressure of 18 kg per sq cm from water at 50° G, and to superheat 
the steam by 50° G, then we find from Table III. (on p. 8) that 
810 — 58 = 752 kw hr must be imparted to each ton of water in 
the boiler. 

Thus, under these conditions, we can, as normal load, only produce 

-=^ = 12,5 tons of steam per hour. 

With an absolute pressure of 18 kg per sq cm, and with 150° G 
of superheat, 

5=t; — ^ = 11,5 tons of steam per hour 

will be produced at normal load. 

This way of treating the matter is to a certain extent faulty, since 
the tubes devoted to superheating purposes are generally located at 
a remote part of the boiler only accessible to the hot products of 
combustion after these have already circulated amongst the tubes 
in which the water is evaporated, and the effect is more or less 
confined to reducing the temperature of the fiue gases. When, 



60 



HEAVY ELECTRICAL ENGINEERmO 



however, the superheater is built into the boiler, it is diflScult to 
establish any hard and fast Une of demarcation, and we shall be on 
the safe side in baudliog the question as above indicated. 

Now, in our 270 million kw hr jier year station, ^e have arranged 
to employ eight main f^eneraiing sets, each of a rated capacity of 
6800 kw. When running at rated load with a steam pressure of 
13 kg per sq cm, and with 50^ of superheat, the steam consump- 
tion (with an exhaust pressure of 0,15 kg per sq cm) is 7,5 kg 
per kw hr {see Fig. 45, Chapter IV.), or a total consumption of 

6800 X 0,0075 = 51 tons of steam per hour. 
Wo have seen that under these conditions, one of the boilers, when 
working at its rated capacity, delivers 12,5 toes of steam per hour. 





:"":"::":"""""T 








i* S ^ k MPf^I^K 'i >P frtfors fuf loii fii t 








t -t " ^ ^ -^-- - 




X ^^ H -^- _: - l: : 


-^^:: : : it ^^ -^-----^- 


v^^^ --E4I :;------ 




I M i^ t 




^\ _j' _, : _t : 




. ^ : ^^i: zz t 




. ^ .^ . :s s^t ^ ^ 




^urs I/jS/;__ ."'li^ai^-, ^ H 




f'5 *^' [ ,^\ 




^54S <• atw^4 ir. "^ j 




tnr MSt . +- _ 1 , , k,i <,. 




'^i p \ t - 




^^^ ^^ ^ ^ ^ _ ^^ = 




C^~ -J -^-"*/c:i. 




t L - -t u X 








^ ^ ^ ^ ^''^ '.JW^**^ ^ "" 



Fig. 20. Cejttral Lont>ox Railway Daily Load Cubve, 1906. 

Now, although the load factor of the whole station is 50 per cent, for 
the year, it is important to have each generating set and its group of 
boilers running as close as practicable to its rated capacity. When 
actually running at tlie rated capacity, we have 100 per cent. 
** plant *' load factor. Above the rated capacity we may or may not 
have higher efiBciency ; hut we should, in any case, only consider 
running above rated capacity as in the nature of an overload, and 
only i^ermissible for reasoDably short periods, say, at the most, a 
couple of hours. The preferable adjustment is such that the 
average of the fluctuating load shall he approximately the rated 
load* Thus, in the case of the Central London Railway, the load 
during the 24 hours varies as shown in Fig. 20, and, as indicated on 
the diagram, arrangements are made to vary the number of 
generating sets in bcrvice so as to obtain nearly 100 per cent. 
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"plant" load factor, although the "station" load factor for the 

year is only about 65 per cent. 

If we install four of these standard 9400 kw boilers for each 

generating set, we shall, at rated load, require to work each boiler at 

61 
-T-= 12,8 tons of steam per hour, which, for a boiler pressure of 

18 kg and for 50^ G of superheat, is only about 2 per cent, overload. 
Thus as we have eight generating sets we must install 

4 X 8 = 82 boilers. 
The precise arrangement of the boilers is a matter of the design of 
the station as a whole, which is carried further in Chapter YII. 
Let us for the present consider a single 6800 kw generating set and 
its group of four 9400 kw boilers. 

It is of course desirable to arrange the boilers at as small a 
distance from the generating set as other conditions render 
practicable, in order to reduce both the cost and the length of the 
piping. In Table XLV. are brought together for Lot's Road, Neas- 
den, and Central London, the average length of the steam pipe 
connection from the boilers to the particular generating set which 
they are designed to supply when normally operated. 

TABLE XLV. 
Length of Steam Piping in Large Electric Generating Stations. 



station. 


Average Length of Steam 

Piping to Engine or Turbine, 

in Meters. 


Lot's Rd., Chelsea . 
Neasden .... 
Central London Railway . 


43 
37 
55 


Average value 


45 meters 



We see that it is frequently necessary that this distance shall be 
some 45 meters. The distance is generally greater in large than in 
small plants. 

In Fig. 21 is indicated a general outline of the design for the 
270 million kw hr per annum station, having eight 6800 kw turbo 
sets and four boilers for each set. This drawing gives a good idea 
of the relative space required by engines and boilers, and the great 
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length of Bteain piping required between one turbine and its boilers. 
We shall shortly take up the queBtion of the general design of the 
steam piping. 

First, however, let us take np certain questions relating to the 
boiler. Boilers of this type and capacity should have a heating 8ur- 
&ce of 7 iq dm per kw rated capacity of the boiler ; hence a total 
heating surface of 66 000 sq dm per boiler. 
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Fig. 2L Genebal Outlike of Pkeliminary r>EsiON Foa Laeoe Steam 

TUBBINE GeNBKATING STATION. 

When burning bituminoua coal of a calorific value of 8700 kw 
hr per ton, suitably fired and with a suitable air supply, these 
boilers should whow an efficiency of 70 per cent. Thus coal with a 

total calorific value ol 

1)400 



OJO 



= 13 400 kw hr 



must bo burned per hour under each boiler. 
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This amounts to 



18 400 
8700 



= 1,54 tons per hour. 



For burning this grade of coal, the boilers should be provided with 
a grate surfEice of 0,09 sq dm per kw hr of calorific capacity. The 
total grate surface per boiler should thus be 0,09 X 18 400 = 1210 
sq dm corresponding to 1,27 kg of coal per sq dm per hour. 

A grate for hand firing should be some 10 per cent, larger, thus 
running to 0,10 sq dm per kw hr of calorific capacity, and being 
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Abaoluce Boiler Pressure in Kg per Sq.cm 
Fig. 22. Curves of Water Heat, Latent Heat and Total Steam Heat. 

suitable for burning only some 1,15 kg of coal per sq dm per 
hour. 

Present developments in boiler construction do not justify 
considering as standardised, boilers of larger rated capacity than 
the size here discussed, although it is to be hoped that progress will 
soon be made in the development of boilers of much larger capacity. 
Let us assume that this standard boiler is supplied with a chain grate 
stoker designed for burning a good quality of bituminous coal of an 
average calorific capacity of 8700 kw hr per ton. If we provide 
independently fired superheaters, and also preheating apparatus. 
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80 that the function of the lioiler shall he restricted chiefly to 
evaporating water already heated to the boiling point corresponding 
to the boiler pressure, the calculations for the boiler itself must be 
corresjjondingly modified. 

The first function, pre-heating, relieves the boiler of but a small 
percentage of its duty. Much the greater portion of the boiler's 
duty relates to converting the water into steam. The relative 
amouets required for these purposes when a boiler of this standard 
type ia working at its rated capacity may, for various pressures, be 
taken at the values plotted in Fig. 22, 

The Ecotiotnic Pressure. — One of the first questions to be decided 
in the design of a steam driven generating station relates to the 
economic steam pressure. When other considerations require that 



piston 



shall be employed, it will be necessary, in the 



I 
I 
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interests of good economy, to install high pressure boilers, for the 
economy of piston engines increases markedly with increasing 
steam pressures. Out of consideration for this fact, steam pressures 
have gradually been increased, until, in recent installations, specific 
pressures of less than 12 kg have been very exceptional, and it 
has been considered good practice to employ considerably higher 
specific pressures, up to 16 kg or more. 

In a subsequent chapter dealing with piston engines and turbines, 
it will, however, be shown that while, as just stated, the economy 
of piston engines is distinctly improved with increasing steam 
pressures, there is, in the case of steam turbines, comparatively very 
slight improvement with increasing pressure, so slight indeed that 
it does not justify sacriiicing other advantages. In fact, it becomes 
of distinct economic advantage, when turbines are employed, to 
adopt much lower boiler pressures. This largely rests upon the 
consideration that the lower the boiler pressure, the greater may be 
the number of degrees by which the steam may be heated above 
the temperature of dry saturated steam for a given pressure, without 
exceeding practicable limits of final temperature. The use of super- 
heated steam has only become at all customary during the last few 
years. Prior to that time, the temperatures associated with 
saturated steam had alone to be considered, and thus, even with the 
increasing boiler pressures which were becoming customary, no 
prohibitive steam temperatures were reached. When, however, it 
became apparent that further great economies were possible liy the 
use of superheated steam, engineers were already so far committed 
and accustomed to the advocacy of high pressures, that they were 
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disinclined to revert to lower steam pressures. Consequently it 
became necessary to attack tbe problems associated with the use of 
very considerably higher steam temperatures than had heretofore 
been employed. To the already high temperatures associated with 
saturated steam of high pressure, it was necessary to add the 50^ G 
or more of superheat which was known to be accompanied with 
considerable further economies. 

The construction of superheaters to withstand these high 



TABLE XLVL 

Absolute Temperatures of Steam at variotis Pressures and with various 
Degrees of Superheat, 



Abeolute 

Pressure in Kg 

perSqCm. 


of Superheat. 


for following Amounts 


0«'C. 


10*'C. 


20«C. 
120 


80** C. 


40° C. 


60«C. 


60** C. 


80*' C. 


100" C. 


125*' C. 


150«C. 


200''C. 


1 


100 


110 


130 


140 


150 


160 


180 


200 


225 


250 


300 


2 


120 


130 


140 


150 


160 


170 


180 


200 


220 


245 


270 


320 


3 


133 


143 


153 


163 


173 


183 


193 


213 


233 


258 


283 


333 


4 


143 


153 


163 


173 


183 


193 


203 


223 


243 


268 


293 


343 


5 


161 


161 


171 


181 


191 


201 


211 


231 


251 


276 


301 


351 


6 


158 


168 


178 


188 


198 


208 


218 


238 


258 


283 


308 


358 


7 


164 


174 


184 


194 


204 


214 


224 


244 


264 


289 


314 


364 


8 


169 


179 


189 


199 


209 


219 


229 


249 


269 


294 


319 


369 


9 


174 


184 


194 


204 


214 


224 


234 


254 


274 


299 


324 


374 


10 


179- 


189 


199 


209 


219 


229 


239 


259 


279 


304 


329 


379 


11 


183 


193 


203 


213 


223 


233 


243 


263 


283 


308 


333 


383 


12 


187 


197 


207 


217 


227 


237 


247 


267 


287 


312 


337 


387 


13 


191 


201 


211 


221 


231 


241 


251 


271 


291 


316 


341 


391 


14 


194 


204 


214 


224 


234 


244 


254 


274 


294 


319 


344 


394 


15 


197 


207 


217 


227 


237 


247 


257 


277 


297 


322 


347 


397 


16 


200 


210 


220 


230 


240 


250 


260 


280 


300 


325 


350 


400 


17 


203 


213 


223 


233 


243 


253 


263 


283 


303 


328 


353 


403 


18 


206 


216 


226 


236 


246 


256 


266 


286 


306 


331 


356 


406 


19 


209 


219 


229 


239 


249 


269 


269 


289 


309 


334 


359 


409 


20 


212 


222 


232 


242 


252 


262 


272 


292 


312 


337 


362 


412 



temperatures, and the obtaining of cylinder oil which would not be 
deleteriously affected at these temperatures, presented very grave 
difficulties for a long time, and even at present these considerations 
play the major part in limiting the extent to which engineers are 
inclined to resort to superheating. It is highly improbable that it 
is even now at all widely realised that the economy of steam 
turbines is but very slightly improved with increasing steam 
pressure. It is, however, generally recognised that the economy of 
all types of engines is considerably improved with an increasing 
amount of superheat. 
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lien both these facts are clearly appreciated, engineers cannot 
lally do otherwise than revert to consideraldy lower eteam 
Bures when turbines are employed as prime movers, for with 
r boiler preasures a greater number of degrees of superheat 
be associated with a given ultimate steam temperature than 
high steam pressures. It is evident that from most stand- 
ts it is the actual lemperatm*e of the steam which determines 
practicability of employing a given number of degrees of 
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jrheat and of obtaining the corresponding decrease in steam 
umption. These considerations will be better appreciated by a 
y of Tables XLVL and XLVIL In Table XLVL are given, for 
0118 pressures, the absohite temperatures of steam with various 
nnts of superheat. While but little interest attaches to Table 
II., the values in Table XLVIL, which is readily comjnlod from 
e XTjVL, are of very eonsidurable importance, hi Talile XLVIL 
recorded the absolute pressures corresponding to various 
uiits of soptirheat and various steam temperatures. The results 
able XLVL have been plotted in the curves of Fig. ti3. 
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The progress in the development of superheaters has reached 
such a point that there is no insurmountable difficulty in dealing 
with steam temperatures of, say, 300° C. Nevertheless much 
greater freedom from difficulties will be secured by limiting the 
steam temperature to 250° G. From Fig. 28 we see that if we 
employ so high a pressure as 16 kg per sq cm we may give the 
steam 50° of superheat for a steam temperature of 250° G. If, 
however, we were to reduce the steam pressure to 8 kg per sq cm, 

TABLE XLVII. 

Absolute Pressure of Steam in Kg 'per Sq Cm for various Fiiud 
Temperatures and Degrees of Superheat, 



Final Tem- 




Absolute FreMore in Kg per Sq Cm for following Amounts of Superlieat 


peroCure of 










._ . 


Steam in 








1 1 1 










Degrees 
Cen^nule. 


ooc. 


lO'C. 


20«C. 


30«C. 


W'^C. 


50*»C. 


60° C. 


80*' C. 


100*' c. 

* 


120«C. 


150«C. 


200«»C. 


100 


1 














110 


1,5 


1 






















120 


2 


1,5 


1 




















130 


2,65 


2 


1,5 


1 


















HO 


3,6 


2,8 


2 


1,5 


1 
















150 


4,9 


3,6 


2,8 


2 


1,5 


1 














160 


6,2 


4,8 


3,6 


2,8 


2 


1,5 


1 












180 


10,2 


8,0 


6,4 


4,8 


2,8 


2 


2 


1 










200 


16 


12,8 


10,2 


8,0 


6,2 


2,8 


3,6 


2 


1 








220 




19,6 


16 


12,2 


10,2 


8,0 


6,2 


3,6 


2 


1 






240 






22 


19,6 


16 


13 


10,2 


6,2 


3.6 


1,7 






200 












19,6 


16 


10,2 


6,2 


3,3 


1,4 




280 














22 


16 


10,2 


5,4 


2,7 




300 
















22 


16 


9,2 


4,3 


1 


320 


















22 


14,4 


8,1 


2 


340 




















20,6 


13,1 


3,6 


360 






















18,9 


6,2 


380 
























10,2 


400 
























16 



the curves of Fig. 28 show us that a superheat of 80° C gives the 
same steam temperature, namely 250° G. Thus to compare the 
relative advantages of using pressures of 16 or of 8 kg per sq cm, 
the relative economies at 16 kg per sq cm and a superheat of 
50"^ C on the one hand, and 8 kg per sq cm and a superheat of 
80° C on the other hand, must be compared. This comparison 
cannot properly be carried out until we have considered the laws 
controlling the variation of economy with the pressure and the 
superheat. These are taken up in Chapter IV. For our present 
purposes we must anticipate, and state that if it is a case of using 
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Bteam turbines, the Bteam consumption is about the same in the 
two cases, when associated with the use of a reasonably low exhaust 
presBure, say a pressure of 0,15 kg per sq cm. 

This being the case, the next question to he considered relates to 
the relative costB of steam raising plant for these two pressures. 
It would appear that the cost of the boilers will be slightly less 
for the lower pressure, but probably not to a greater extent than to 
offset the cost of providing the increased superheater surface. 

To raise one tion of steam to a sjiecific pressure of 1(3 kg and 
50"^ C superheat on the one hand, and to 8 kg and 80^ C superheat 
on the other hand, and in both cases from feed water at 6(f , 



TABLE XLVIIL 



- 




Data nf Steam 


Pipififj. 






H 


-4^ 

III 


68 m 


"1 

111 

^1 




Ill 

ill 


pi 

-Sao 1 

III 




If 
I? 


Glasgow , 


86,4 


40.5 


2,76 


19 


85,5 


1,92 


11 


Chelgea . 


62,0 






53 


85,5 


5,35 


n 


C.KB. . 


10,9 


30,4 


1,5 


8 


20,3 


2,48 


11 : 


Greenwich 


44,4 


80,4 


6,12 


26,2 


80,4 


»,7 


14 


Neasdea . 








27 


26,4 


6,4 


12 



requires respectively 755 and 762 kw hr per ton, or a difference of 

only 1 per cent. 

The chief remaining element to be considered relates to the 
relative cost of the steam piping in the two cases. We have seen 
that a length of some 45 meters is a (air average value. In Table 
XLVllI, are brought together data relative to the cross section of 
piping employed with boilers of various capacities and pressures. 

It is evident from the above table that practice as regards steam 
piphig varies very widely. For a pressure of some 11 to 13 
atmospheres, a How of 5 tons of steam per hr per sq dm section, or 
a section of about 0,2 sq dm per ton of steam per hour, may be 
taken as good practice. It is undesiral)lo to have too large a pipe, 
since not only is tlie cost greater, but also the radiating surface. 

The 6800 kw turbine with which we are dealing is fed from four 
boilers at a distance of 45 meters from the turbine, and we require 
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61 tons of steam per hour. There should be provided a steam 
pipe with 

0,2 X 51 = 10,2 sq dm 
cross section. This has a diameter of 85,6 cm and a periphery of 
112 cm. The radiating surface for a length of 45 meters is thus 
equal to 

450 X 11,2 = 6100 sq dm. 

The lofls firom uncovered steam pipes amounts to some 0,17 watts per 
sq dm surfiuse per degree cent, difference of temperature between the 
steam temperature inside the pipes and the temperature of the surround- 
ing atmosphere. In the case with which we are dealing the steam 
temperature is 260° C, or some 226° C higher than the tempera- 
ture of the air. There is thus a loss of about 226 x 0,17 = 38 
watts per sq dm of pipe surface ; and hence a total loss of 

0,038 X 5100 = 194 kw. 
This amount may be reduced to one qua'rter or less by suitably 
covering the pipes. Thus the loss becomes about 50 kw. 

As the total energy in the steam delivered from the boilers when 
the turbo-generator is operating at its rated load is 

37600 kw, 
the loss by waste from the piping is in this case a negligible amount. 
Even at one-tenth load it would only be a matter of from 1 to 2 per 
cent, for covered pipes, rising to some 5 per cent, for bare pipes. 
Hence our earlier estimate of 95 per cent, for " eflBciency of steam 
piping *' is shown to be very conservative for large plants. 

The interesting question arises whether the practice of covering 
pipes with insulating material is of material importance in so 
many cases as is generally assumed. It is in general the more 
important the smaller the capacity of the plant. 

We are not much concerned with the loss of presHure due to 
friction of the steam in flowing through the steam pipe, so long as 
it is of limited amount, since the energy of friction is heat energy 
and remains in the steam. Thus the loss in pressure tends to 
produce a rise in temperature. 

At a specific pressure of 14 kg and a superheat of 50° a drop of 
specific pressure of 0,1 kg may be taken for each 40 meters length 
of straight piping. Bends greatly increase this amount, and precise 
estimates are impracticable. With carefully designed piping with 
few bends, and these of large radius, the '* equivalent " length 
should not more than double tlie actual length. Thus in the case 
in question the. '* equivalent " length may be taken as some 
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110 mtiters, and the Iosk in specific pressure would amount to some V 
0/2 kg, ■ 

In practice it is found that tho quantity of ateam that can be ■ 
transmitted by a pipe of a given diameter does not vary much 1 
with quite considerable variations in pressure and superheat. ■ 

The curves of Fig. iJ4 give values for the amount of steam ■ 
which can be transmitted in tons per hour, at a specific pressure of ■ 
14 kg in pipes of various diameters. The curves are plotted on the 
basis of a drop in pressure of 0,1 kg per sq cm for a length of 
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For pipes of a given diameter, the lower pressures would tend 
towards lower cost. Thus from every standpoint we see that with 
steam turbines we may employ lower pressures with equal operating 
costs, and with probably some slight saving in capital outlay. 
This is, of course, not the case when piston engines are employed, 
for then the steam consumption rapidly increases with decreasing 
working pressure. 

The rough values of the temperature of the flue gases, as set forth 
in the following table,, are of interest : — 

TABLE XLIX. 

Ro^igh V(due» of the Temperature of the Flue Gases in their Passage from 
Grate to Chimney, 



Gases Leaving 


Temperature in Degs Cent. 


Grate . 
Boiler . 
Economiser . 


1300 
260 to 350 
150 to 200 



In the following table are set forth the rates of transference of 
heat under various conditions : — 



TABLE L. 
Heat Conduction Values. 

Conditions. 



Boiler tubes with feed water at 50^ C , 
Boiler tubes with feed water at 150° C , 
Superheater tubes . . . . 



Rate of IVansference 

in Watts per Degree 

Centigrade per sq 

Decimeter of Heating 

Surface. 




In the boiler which we have considered, energy is conveyed to 
the interior of the boiler at the rate of 9400 kw. Let us take the 
temperature of the furnace gases as they leave the grate at 1800°, 
and at 800° on leaving the boiler tubes. The mean temperature is 
thus 800°. Let us take the feed- water temperature at 50°, and — in 
the case with a pressure of 8 kg per sq cm — the steam temperature 
at 170°. Thus the mean temperature is 110°. This gives us a 



HEAVY ELECTRICAL ENGINEERING 



mean difference of torn pern tu re between flue gases and boiler tube 
contents of some 700- , and the rate of transference ot beat may be 
taken as 700 x 0,2 — 140 watts per sq dm of tube surface. 

For the case of steam at a pressure of 8 kg per sq cm, super- 
heated 80*^, wo have seen that the heat required to raise one ton of 
steam from feed- water at 50^ is 762 kw hr. Now the Iieat required 
for saturated steam at the same pressure is 712 kw hr, so that 

]~ X 100 = 93 per cent, 

of the total enerfiy conveyed to the interior of the boiler is devoted 
to heating tlio ft^od-water aiul evaporating it into Bteani. 
This is 

9400 X 0,93 ^ 8750 kw. 
Hence we require 

— ■^TTTv-^ ~ ^2 500 Btj dm of boiler tube heating surfai^e. 

Now let us estimate the amount of superheater surface required. 
This must be sufficient to transfer heat at the rate of 650 kw. 
The mean temperature of the steam in the superheating tubes is 

170 + ^ = 210^, 

Thus the difTerence of temperature between the mean temperature 
of the flue gases (800^) and the mean temperature of the contents 
of tlie superheater tubes is about 600'^, and the transference of lieat 
is at the rate of 

600 X 0,04 = 24 watts per sq dm. 
We sball thus require 

=^ 27 000 sq dm of superheater tube surface.* 



24 

Summary. 

Boiler tube surface 
Superheater tube surface . 
Grate surface 



= 62 500 sq dm, 
= 27 000 ,, 
= 1210 „ 



^ The large amount of surface i-equired f or supeiheatoi-s baa in some instances 
led to tlio 1180 of corrugated tubes in order to reduce the size and coHt of the 
apparatus. 




CHAPTER IV 

PISTON ENGINES AND STEAM TURBINES 

For electric generating stations, steam-turbine-driven generating 
sets are becoming more and more frequently employed, and there 
is every indication that the piston engine will gradually be 
superseded for large units. 

Although there are still a good many difficulties to be overcome 
before the steam turbine can be considered thoroughly satisfactory, 
the progress in its development has been and continues to be 
remarkably rapid. 

Steam Consumption. — Nevertheless there have not yet, except 
possibly at uncommercially low exhaust pressures, been obtained 
with steam turbines such good results, as regards low steam 
consumption, as have frequently been obtained with the best 
modern piston engines of certain types. Thus a careful analysis of 
a large number of results has shown that the curves of Fig. 25 may 
fairly be taken as representing the steam consumption of piston 
engines and steam turbines respectively, when operated under 
reference conditions which may be considered as normal and 
commercial. These reference conditions are : — 

Admission pressure = 13 kg per sq cm (absolute). 
Superheat = 50^ (actual temperature of steam = 241°). 
Exhaust pressure = 0,15 kg per sq cm (absolute). 

Representing by 100 the full load steam consumption under the 
above reference conditions, then the variation in the full load steam 
consumption with varying admission pressure, superheat and 
exhaust pressure, may be taken as shown in Fig. 26. Of course 
these rates of variation differ greatly with the type and size of 
piston engine and of turbine. Also, the rate of variation — say with 
varying exhaust pressure — varies with differences in the accom- 
panying superheat and admission pressure. But the extent of 
these variations has as yet been insufficiently investigated, and we 
cannot at present do better than abide by the curves of Fig. 26. 

Corresponding to Fig. 26 for full load, we have Fig. 27 for J load, 
and Fig. 28 for J load. By means of the curves in Figs. 25 to 28 
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the curves in Fig. 29 are readily deduced. These give as fair a 
representation of the present relative steam consumption of the two 
types of engine as can be arrived at by analysis of the results at 
present available. 

The curves of Figs. 26 to 28 show the effects of different admission 
pressures, degrees of superheat, and exhaust pressure. The 
exhaust pressure plays a very important part in the economy of 
steam turbines. A given amount of superheat effects slightly greater 
improvement in the economy of a piston engine than in that of a 
steam turbine, but in both cases the improvement by employing 
high degrees of superheat is very considerable. While the admis- 
sion pressure makes comparatively little difference as regards the 
economical working of turbines, high admission pressures are very 
necessary with piston engines. This is a distinct advantage in 
favour of turbines, since by using lower admission pressures, higher 
degrees of superheat may be used without encountering prohibitive 
temperatures. As already stated, the effect of superheat in decreasing 
the steam consumption of turbines is considerable. This is in great 
part due to the decrease in condensation within the turbine and the 
consequently decreased friction. 

The greatest improvement in economy of steam turbines is 
effected by the employment of low exhaust pressures, as the curves 
of Figs. 26, 27 and 28 show. The mechanical losses (i.e., the 
losses due to bearing friction and to the friction of the steam 
against the blades) are very much reduced when a low exhaust 
pressure is employed. 

With the object of giving an illustration of the allocation of the 
component losses in a steam turbine, and of finding the direct effects 
of various superheats and exhaust pressures, an investigation of a 
hypothetical 1000 kw turbo generator has been carried out, and 
from this investigation Table LI. has been prepared. 

The investigation has been made for the 1000 kw turbo generator 
when running with an absolute steam pressure of 13 kg per sq cm 
at admission. The steam consumptions of this set at full load and 
under various degrees of superheat and exhaust pressure have 
been obtained from the curves of Fig. 26. 

When running with saturated steam and non-condensing, and 
at an admission pressure of 18 kg per sq cm, a well-designed 
turbine of 1000 kw rated capacity may have a steam consumption 
of 13,1 kg per kw hr at rated load. In order to analyse the 
losses in the turbine, it is necessary to know the effect of various 
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exlmiiat pressures and superheat on the friciion, as the losses 
due to the friction vary greatly with the amount of moisture 
in the steam. It is to he regretted that thoroughly comprehensive 
test results for modern turbines of hirge capacity are not available. 
Thus, in order to arrive at some idea of the effect of the exhaust 
pressure and superheat on the various losses, it has been necessary 
to make preliminary assumptions for the thermodynaraic efficiency of 
the turbine when operating under various conditions. If the thermo- 
dynamic eflSciency of the turbine be multiplied by the efficiency 
of the generator, the result gives the combined ihermodynamic 
efficiency of the turbine and generator- 

The eCSciency of a 1000 kw dynamo may be taken at 96 per cent. 
The thermodynaraic efficiencies assumed and set forth in column p 
of Table LI, are based on general conclusions deduced from 
numerous tests that have been carried out on turbines of various 
sizes anil types, and operated under various conditions. These 
efficiencies may be taken as values which, although at present only 
rarely approached, are, with the rapid developments now occurring, 
to he coiihidered as fair. From these values, and tlie steam con- 
sumption curves in Fig, 26, we have sufficient data to determine 
the w^etness of the steam as it leaves the cylinder. 

Tiie calculation is showm in Table LL for steam at a pressure of 
IB kg per sq cm superheated 0'\ 50" and 100% and expanded to 
pressures of 1,00, 0,50, and 0,15 kg per sq cm. 

In Talilo LL column c gives the rate of steam consumption^ 
obtained from Figs, 25 and 2(1. From this column is then obtained 
the total sieam consumption in tons per hour at rated load of 1000 kw, 
Tliis is inserted in column d. Column e gives the heat required to 
raise one ton of steam to the given temperature at a pressure of 
13 kg per aq cm from water at 0' C, In column/ is entered the 
total heat thus supplied to the turbine per hour. In column g is 
entered the combined efficiency of the turbine and generator obtained 
as explained above* Column h gives the losses corresponding to this 
efliciencyi when the set is running at its rated load. 

The amount of heat supplied to the turbine per hour consists of 
three components : — 

(1) The heat dissipated in the turbine and dynamo by friction 
and radiation, 

(2) The beat transformed into useful electrical energy, 

(8) The beat of the mixture of steam and water discharged from 
the turbine. 
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The total heat supplied is tabulated in column /, the fin 
component in column ft, and the rate of expenditure of useful elec- 
trical energy at rated load is equal to 1000 liw, thai is 1000 kw 
hr per hour. Thus the third component can be obtained by simple 
Bublr action, and is inserted in column k. 

Dividing by the weight of steam used per hour (column (f), we 
obtain the heat of one ton of the mixture discharged from tlie 
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B. 
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Fig. 30. Diagrammatic Repbesentation of the Trawsfoematioic of tub 
HE.VT OF Steam into Elkotrical Energy. 

turbine. If now we note the steam heat of saturated steam at the 
exhaust pressure (column u), the difTerence will give the amount of 
beat corresponding to the water contlensed in the cylinder. This 
,mounfc of beat, divided by the latent heat of steam at the exhaust 
pressure, gives the wetness factor of the exhaust mixture. 

Table LI. may now be represented diagrammatically as in Fig. 30. 
In this figure the s^puire A is set off to scale to represent the steam 
heat in kw lii* per Ion of steam admitted to the cylinder, as recorded 
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in column e of the Table. To the same scale is set off the area B 
to represent the heat per ton of mixture discharged from the 
cylinder (column Z). The difference between the areas A and B 
represents the energy set free by the expansion of the steam in the 
cylinder. This is shown in the diagram by the square C. This 
amount of energy is still further transformed into useful electrical 
work, and into wasted heat, as indicated by the squares D and E. 
The areas in Fig. 80 are scaled off to represent the case of a 
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Fig. 31. Showing how the Friction Losses dite to the Rotation of a 
22 Kw DE Laval Turbine Wheel vary with the Density of the 
Surrounding Steam. 

(Note. — ^The Friction of the Bearings has been deducted.) 

1000 kw turbo generator working at rated load with steam at an 
admission pressure of 13 kg per sq cm, superheated 50° C, and 
expanded to an absolute pressure of 0,15 kg per sq cm. The 
steam heat at admission is 810 kw hr per ton. The heat of dis- 
charge is 630 kw hr per ton, so that 180 kw hr per ton of steam 
are available for conversion into work. But for the rated output 
of 1000 kw, 8,1 tons of steam are required per hour, so that one 

1000 
ton of steam only provides -^-zr- ~ 124 kw hr of useful electrical 



8,1 



energy. 
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Hence the friction losses per ton of steam amount to 
IBO ^ 124 = 56 kw hr. 

It will he noticed that the area B in Fig. SO is not, like the 
others, a complete square. It has heen drawn as shown for the 
purpose of indicating the amount of heat set free by the condensa- 
tion of steam in the cylinder. If the area B is completed to form a 
perfect square, it represents the steam heat of saturated steam at 
the exhaust pressure. 

The results arri\£ed at in Table LI. show the great influence 
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Fig. 32. Showikg how the Friction Lo.^ses m a 22 kw de Laval 
Turbine yaby wrrn tbe Speeu. 
. (Note.— The Presetire of the Air and the Steam is I kg per »q cm,) 

exerted on the efficiency by the wetness factor and the exhaust 
pressure. In the interests of a low friction loss, and conRequently 
of a high efficiency and low steam conKiniiption* the blades of the 
steam turbine inuHt run in aa dry and rare a metliuni as practicable. 
Tests have l>eon made hy tbe late ProL L*!wicki which throw con- 
Bideralde light on the inihience of tlie density, dryness and niateriiil of 
the medium, oo the friction Iu8hos of wheels revolving in that medium. 
The curves in Fig. 31 are plotted from the results of three series 
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of Lewicki's tests on a 22 kw de Laval turbine, running at 20 000 
revolutions per minute, the corresponding peripheral speed being 
215 m. per second. The bearing friction has been deducted and 
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Fig. 33. 



Friction Loss of Wheel Eevolvino in Steam of Various 
Densities. — From R. Eotscher. 



the mean result is given by the dotted line, which shows that the 
loss is directly proportional to the density of the steam. 

The peripheral speed has a preponderating influence on the 
friction of the wheel. The curves in Fig. 82 show the losses in this 
22 kw turbine when run at varying speeds. The full line curves 

H.B.B. G 
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represent the losses due to the rotation of the wheel {after deduct- 
ing the hearing lossen), \iheii running in air at a temperature of 
80° C and in saturated steam respectively, the pressure in hoth 
eases being 1 kg per sq cm* 

The dotted curve in the same figtu'e represents the friction losses 
at the beariogs. It is seen thafc the wheel friction increases with 
the speed at a much more rapid rate than the bearing friction. 

Testa of the wheel friction have also been made hy Eotsclier,' certain 
of the results of which are plotted in the curves of Fig. S3. In these 
curves the exhaust pressures in kg persq cm, and also the densities 
in kilograms per cubic meter, are employed as abscissae, and the 
friction losses of the wheel (exclusive of !>earing friction) are 
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Fig* 34. Eiedlee-Sttjmpt 2000 Horse Powbr WnEEL, 

employed as ordinates. Against each curve are written the speed 
in revolutions per minute and the peripheral speed in meters per 
second. Those tests were made on a 2000 hp Eiedler-Stumpf 
steam turbine, which employe a single wheel of 2 meters diameter. 
This wheel is shown with dimensions in Fig. 84. 

From an analysis of these results, it appears that the wheel 
friction (exclusive of bearing friction) is proportional to the 2,8th 
power of the speed and is proportional to the lirst power of the 
density of the medium in which it revolves. The results are in 
good agreement with Stodola's earlier estimate that the wheel friction 
is proportional to the 2,i^th power of the speed. 

Fig, 85 gives the reaults of testa- made by Professor Belluzzo of 

» **Zeit. dei Vereinos deutacber Ingenieure," Apnl 27, 1907, p. 658. 

' *' Versuche ubcrdio Reibung roturinde Turbin^^neclieiben," von (I, Belluzxo. 



I 
I 



Zeitachr. gcs- Turbiueuwewiu, p. 2U)— 221, May IH, 1907. 
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Milan, which show the wheel friction losses (exclusive of bearing 
friction) as a function of the steam pressure and corresponding 
densities of steam at 10^ superheat. The two curves shown 
correspond to the two wheels in Fig. 86, the wheel with the larger 
blades naturally causing a greater loss. 





Frictioff Loss oF Wheels revQfvin^ in Dry Steam oF i^snoi/t 
Dfffrsfttes. (framB.Beiiuzio). 
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Fig. 35. Belluzzo's Tests of Friction Losses of Wheels Revolvino 

IN Dry Steam. 

Hence, so far as relates to obtaining low friction losses, the 
peripheral speed of the rotors of steam turbines should be low. 
But this is diametrically opposed to the conditions which should 
obtain in order that a maximum percentage of the kinetic energy of 
the steam may be transferred to the rotor in the form of mechanical 
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energy. Tbus, suppose a perfectly elaatic body,^ with a roass M, of 
1 lig, to be travelling in a straight line through a frictionlesa 
iweilimn (in a region where the acceleration due to gravity is equal 
to 9,8 metres per Becond per second) at a uniform velocity, J\ of 




Pig. 36. TtTBBiifK Wheels and Blaiie& with whilit the Curves 

OF FlO. 35 WERE OUTAINED, 



1000 metres per second* The kinetic energy of this body, i.e., the 
energy possessed by it in virtue of its motion, is equal to J M l^^ or 

J X ^ X 1000^ := 51 000 kilogrammeters. 

Suppose this body to collide with a far larger perfectly rigid body 
moving ia the same direction at one-half the speed, i.e. at a sjieed 
of 500 meters per second, the relative speed of the two bodies before 
contact being 1000 — 500 — 500 meters per second* Its motion 
relatively to the far larger body will, in virtue of the collision, be 
reversed in direction. Tliat is to say, the perfectly elaslic body of 
one kilogram will, relatively to the far larger body, iirecisely reverse 



* It te CDDveniont to mentally jticturo thia hiwly &» n aphero, 
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its direction and will assume a relative velocity of 500 meters per 
second away from this far larger body. But since the larger body 
continues to move forward at substantially the same speed which it 
possessed before the collision, ue., at a speed of 600 meters per 
second, the absolute speed of the first body has become 
600 — 600 = metres per second, i.e., it remains motionless in 
space, and hence has given up its entire kinetic energy to the far 
larger body. 

Substituting the bladed rim of the revolving wheel of the steam 
turbine for the " far larger body," and one kilogram of steam for 
the "perfectly elastic body," we at once see that the speed of 
the blades should preferably approach one-half the speed of the 
impinging steam. For were this the case, and were both bodies, 
i.e., the blades and the steam, perfectly elastic, and were the steam 
to impinge from a direction normal to the plane of the blades at 
the point of impact, then the steam would be left stationary in 
space by the moving blades and depleted of its kinetic energy. 
Since the direction of impact is not normal, and since the bodies 
concerned are not perfectly elastic, this ideal velocity is only a 
rough guide; and furthermore, the present state of engineering 
knowledge is so limited that out of consideration for the construc- 
tional standpoint, much lower peripheral speeds are generally 
employed than correspond to half the speed of the impinging 
steam. The great decrease in the friction loss accompanying a 
moderate decrease in the peripheral speed constitutes additional 
justification for wide departures from this theoretical speed. 

From the curves in Figs. 4 to 7 of Chapter I. have been deduced 
the curves of Figs. 87 to 40 showing the speed of the steam when 
emerging from a correctly proportioned and frictionless diverging 
nozzle supplied at various pressures and temperatures. It is seen 
that the speed is of the order of 1000 meters per second. 

The method of deriving the curves of Figs. 37 to 40 will be 
understood from the. following example : — 

From Fig. 6 we find that when steam at an admission pressure 
of 10 kgs per sq cm and at a temperature of 200° C (i.e., with 21° C 
of superheat) is used down to an exhaust pressure of 0,10 kg per 
sq cm, the energy rendered available for conversion to mechanical 
work amounts to 197 kw hrs per ton. 

1 kw hr = 367 ton meters. 
Hence we have available for conversion 

197 X 367 = 72 000 ton meters 
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per toil of 
consumed. 



steiLiLi consumed, or 7*2 000 kg m per kg of ateam 



1^ 



JX 



X J^^ = 72 000 



410 000 
=: 1190 meters per second. 

This is the value plotted against the next to the upper curve 
of Fig. 38. The other values have been obtained in an equivalent 
maimer. 

Owing to losses due to the friction of the steam against the 
sides of the admission nozzle* slightly less values are actually 
obtained. 

We may readily so rearrange the data in Figs. 4 to 7 as to give 
us the consumption of an engine with 100 per cent, thermod^mamie 
efficiency. Thus for a steam turbine in which the steam is worked 
between an admission pressure of 10 kg per sq cm and an exhaust 
pressure of 0,10 kg per sq cm, the energy available for conversion 
into mechanical work is 197 kw hr per ton or 

0,197 kw hr per kg. 
Consequently, if the steam turbine had a thermodynamic efficiency 
of 100 per cent., its consumption would be 

OJW ^ ^*^ ^^ ^^^ ^^ ^^* 

This is the value plotted for the appropriate curve of Fig. 42, 
and the remaining values for this and the other curves in Figs* 41 
to 44 are plotted in a similar manner. 

In Fig, 45 are plotted for an admission pressure of 13 kg per 
sq cm an exhaust pressure of 0,15 kg per sq. cm and 50"^' C of 
superheat at admission, representative curves for the steam con* 
sumption of modern piston engines and steam turbines^ and also 
a reference line corresponding to 100 per cent, thermodynamic 
efficiency. Corresponding curves for half load are given in Fig. 46. 
The deduction of the curves in Figs. 47 and 48, from the data in 
Figs. 45 and 46, is obvious. 

Allusion has already been made to the eomparative futility of 
employing high boiler pressures for steam turbine plant In some 
recently published investigations of Kotscher^ tests are described 
which bring this out very forcibly. From a large number of steam 
consumption tests at various speeds and steam pressures, data were 
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obtained from which the curves in Fig. 49 have been plotted. 
Unfortunately, from Rotscher's data as published, the precise steam 
temperatures at admission, and the precise exhaust pressures corre- 
sponding to these curves, cannot be allocated with certainty, but 
the general order of these quantities during the tests appears to 
have been as stated on the curves. Botscher states that his 
investigations will be described in complete detail in a forthcoming 
issue of the '' Mitteilungen iiber Forschungsarbeiten.'* 

The conditions under which Rotscher carried out his investiga- 
tions were not such that he could obtain the steam consumptions at 
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Fig. 49. Steam Consumption as Function of Admission Pressure. 

The Admission Pressure = 200 to 250® C. Exhaust Pressure = 0,05 
to 0,15 kg per sq cm. 

a given speed and various admission pressures for any one parti- 
cular load throughout the range. Thus, as will be seen from the 
curves in Fig. 49, the loads ranged from some 10 per cent, to 30 per 
cent, of rated load at the lower pressures, well up to full load at the 
higher pressures. This, however, in nowise invalidates the import- 
ant conclusion which the present author desires to draw from these 
tests, namely, that the decrease in steam consumption obtainable by 
the employment of high admission pressures is in the case of steam 
turbines (at any rate of the type and design in question) exceed- 
ingly slight. Thus, since the steam consumption at light loads is 
always greater than at rated load, it follows that had the rated load 
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been maintained down to the lower pressures, tho curveB of Fig. 49 
would have much more nearly approached horizontal linea; in other 
words, the Bteam eoosumption would have been much more nearly 
independent of the admission pressure. Thus, were the steam 
conBumption absolutely independent of the admission pressure, 
then the lower curve shows that at 3000 rpm the steam consump- 
tion at quarter load is only some 20 per cent, greater than at rated 
load. Now the steam consumption at quarter load is, as is well 
known, rarely so low us only *20 per cent, in excess of the steam 
consumption at rated load, and we may safely say that it is 
certainly no lower than 15 per cent, greater than the steam con- 
sumption at rated load. Taking this latter figure, the increased 
economy at 13 atmospheres as compared with that at 4 atmospheres 
is only a matter of some 5 per cent. At the speed of 1500 rpni 
these statements do not apply to as great an extent, but this turbine 
was designed for a rated speed of BOOO rpm and the condiuons at 
1500 rpm are abnormal, this speed having simply been employed 
for experimental purposee* 

Since, however, we have before us these tests for the two speeds, 
it would appear interesting to examine the effect of thus decreasing 
the speed to one-half. Let ua, with this purpose in view, compare 
the steam consumptions at outputs of 500 and 750 kw respectively. 
For l^oth of these loads the steam consumption at the lower speed 
works out at some 50 to 55 per cent* greater than at rated speed of 
30OO rpm. This bears out the arguments already set forth to the 
effect that the steam turbine on the whole benefits considerably Ijy 
design and operation at high rated speeds, but the case is not 
so serious for low^ speeds as these figures would indicate, for this 
particular turbine was designed for BOOO rpm. Turbines for the 
same rated output when designed expressly for the lower speed, 
namely, 1500 rpm, have much lower steam consumptions at this 
low speed than this turbine, which was only run at the low speed 
for experimental purposes and naturally was, under these conditions, 
distinctly handicapped. 

Figs. 50 to 55 relate to an investigation of the effect, at normal 
rated load, of varying admission pressures when constant steam 
temperature at admission and constant exhaust pressure of 0,15 kg 
per sq cm are maintained. The calculations have been made for a 
4000 kw turbo generator of the Parsons type. The first five curves 
relate to a steam temperature of 250"' C at admission. Let us follow 
through the calculations for an admission pressure of IB kg per w| cm. 
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From Fig. 25 it is seen that, at rated load, an admission pressure of 
18 kg, 60^ G of superheat, and an exhaust pressure of 0,5 kg, the 
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steam consumption of a 4000 kw set is 7 kg per kw hr. From 
Fig. 26 we find that the steam consumption at an admission pressure 
of 18 kg per sq cm is 0,985 as great, i.e., 

7 X 0,985 = 0,69 kg per kw hr. 
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The Hatumtion teoiperature for a pressure of 18 kg is 20^*^ C. 
Therefore, to raise the steam to a terDperature of 250 C. the 
superheat will be 44'^ C. From Fig. 26 we find that the steam 
consumption at 44-^ C superheat is 1,01 as gi-eat as that at 50'^ C 
superheat. Therefore the steam consumption at 18 kg admission 
pressure and 44" C superheat will be 

0,69 X 1,01 - 0,70 kg. 

In like manner the steam consumption for various admission 
pressures has been estimated and the results are expressed in the 
curve of Fig, 50. For the same admission pressure of 18 kg let 
us proceed to estimate the amount of energy required per ton of 
steam. The feed-water is supplied at a temperature of 50^^ C. To 
raise one ton of water from 50'^ C to 206'^ C, the temperature of 
saturated steam at 18 kg pressure, we require 181) kw hr. This 
figure may be derived from Table L on p. 4 of Chapter 1. 

The total latent heat of evaporation at this pressure is 536 kw hr 
per ton (see Table IIL), and to raise the temperature further from 
206-' to 250^ C we require another 31 kw hr per ton, making a total of 
756 kw hr per ton of steam. Calculations have been made for other 
admission pressures, and the results are given in the curve of Fig. 51. 

The boiler plant is assumed to have an efBciency of 70 per cent. ; 
therefore for every 756 kw hr given up to the steam we must 
supply fuel with a calorific capacity of 



w = - 



kw hr. 



From Fig. 50 the steam consumption per kw hr is 7 
fore for these 1080 kw hr of fuel supplied to the lioiler 






¥ 



kw hr are delivered by the dynamo. 

Therefore the kw hr of fuel supplied to the boiler per kw hr of 
electrical energy is 

1080 „ ^^ , , 
yr^^ = 7,55 kw hr. 

The fuel employed has a calorific capacity of 8,7 kw hr per kg. 
Therefore the amount of fuel consumed per kw hr is 

7,55 



8,7 



= 0,865 kg. 



This fuel consumption has also been calculated for various admission 
pressures and the results have been plotted in Fig. 52. 

The energy ridquired per kw hr of electrical energj' is shown in 
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Fig. 53. As shown above, the fuel energy is 7,66 kw hr in this 
particular case, and as the boiler efficiency is 70 per cent., the 
steam energy is 

0,7 X 7,55 = 5,8 kw hr. 



1 


















U 


Hcier. 


r^ fr 


7m Ste^m 
















wm 














"* 


















Ei 


^C-Zf 


^cy n 


om f 


fef 




i 


-- 










^ 














~ 

















250*C 



300'C 
250'C 

iao*c 



6 8 10 t2 14 16 18 
Admission Pressure in Kg per S(j Cm, 

Fig. 55. Showing the Thermal Efficiencies for various Steam 
Temperatures as a Function of the Admission Pressure. 



Feed Water Temperature = 50° C. 
Boiler efficiency = 70 per cent, 
per ton. 



Exhaust Pressure = 0, 15 kg per sq cm. 
Calorific Value of Fuel = 8700 kw hr 



In Fig. 54 are shown the efficiencies. The thermal efficiency 
from steam at 18 kg admission pressure is 

— = 19 per cent., 

and the thermal efficiency from fuel is 

„-trn = 1^»2 per cent. 

Fig. 55 shows these thermal efficiencies, and also the thermal 
efficiences for steam temperatures of 200° and 300° C. 



CHAPTEB V 



C0NDEN8IN6 PLANT 

Wk have seen that for steam turbine installationB, low steam 
con sumption is only obtainable by means of a low exhaust pressure. 
While with piBton engine plant an exhaust pressure of 0,20 kg per 
sq cm gives fair reaultH, audi low pressures as 0,15 to 0,10 kg per 
sq cm are absolutely necessary to obtain reasonably low steam con- 
BumptionB with Bteam turbines, and installations are sometimes 
estimated on the basis of an exhaust pressure of 0,05 kg per sq cm. 

In order to obtain these low pressures circulathig water of 
low temperature must be available, and in large quantities. The 
quantity required is eo large that if any appreciable charge jier 1000 
gallons is made, it is usually cheaper to install cooling towers and 
employ the circulating water over and over again, 

By the time the necessary outlay for condensing plant of sufficiently 
large capacity and for cooling towers has been estimated, the advan- 
tages of steam turbines as regards savings effected through decreased 
floor space and in other directions will often be found to have been 
more than outweighed. Thus the subject of condenser calculations 
has now become one of mucli importance. We have seen that when 
heat is absorbed by water the temperature rises, and at some definite 
temperature, called the temperature of vaporisation, the water com* 
monces to evaporate. This temperature of vaporisation is a function 
of the absolute pressure, and has been given in Table IIL on p. 8. 
It is again given for low pressures in the second column of Table LII. 
When all the water has been evaporated, any further addition of 
heat causes a renewed rise in temperature, as has been shown by 
the curves in Fig. 2 on p. 6. 

If we consider the reverse case, where heat is extracted from the 
steam, we find that the temperature of the steam falls until it 
reaches the temperature of vaporisation corresponding to the steam 
pressure. From this point any further abstraction of heat is 
accompanied by a condensation of the steam* The temperature 
remains constant until all the steam is condensed. Thus the 
tiiiniierature of vaporisation may equally correctly be termed the 
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'* temperature of condensation.*' If still further heat is extracted 
from the water, the temperature once more begins to fall. 

The heat that is required to change water into steam at the 
temperature of vaporisation is called the latent heat, and in the 
reverse process, this amount of heat must be extracted from the 
steam before it can be completely condensed into water. 

Let us now consider how we are to extract the necessary amount 
of heat from the steam. If a body at a lower temperature than the 

TABLE LII. 
The Heat absorbed by one Ton of CircuUUing Water, 
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steam, is brought into proximity with the steam, the difference in 
temperature of the two bodies causes a flow of heat to the body 
of lower temperature. 

Water is at present considered the most suitable substance to use 
for the purpose of extracting heat from steam with a view to its con- 
densation. The capacity of water for absorbing heat is set forth in 
Table LII. In this Table, water is taken at various initial tempera- 
tures, 0^, 5°, etc., up to 60°. Calculations are then made of the heat 
necessary to raise its temperature to the temperatures indicated in 
the second column, which are the temperatures of vaporisation 
corresponding to the pressures given in the first column. We see. 
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for instance, that to raise the temperafcure of one ton of water from 
0° to 17"', 20 kw hr of eneri:,^ are necessary. We further see 
that if the initial temperature of the water had been S*-", only 14 kw 
hr would have been required to heat it to 17*^, that is to say, one 
ton of 'water only absorbs 14 kw hr, when its temperature is raised 
from 5^ to 17°. 

We can now estimate the amount of water required to condense 
one ton of saturated ^ steam. In the third column of Table LIIL 
are recorded the hitent heats of steam for the pressures tabulated in 
Table LIL We see that when the absolute pressure ia 0,02 kg 
per sq cm, the latent heat is 680 kw br per ton, and that the 
temperature of vaporisation (or condensation) is 17". Since one 
ton of water absorbs 20 kw hr when its temperature is raised from 
0''^ to 17'^ it follows that to condense one ton of steam we require 

fiftO 
— = 34 tons of water at 0^\ if fhf. hmptralure of the water i$ 

raised to 17°. 

The remaining portion of Table LIIL can be readily calculated in 
the same manner, and the results are shown graphically in Fig. 56, 
where the weight of water required to condense one ton of saturated 
steam is plotted against the initial temperature of the circulating 
water. It must be clearly understood that Table LIIL and Fig, 56 
are based on the assumptions that the steam is saturated steam (i.€,, 
that it is neither superheated nor wet), and that the temperature 
of the water is raised to the temperature of the steam (Le,, to the 
temperature of vaporisation corresponding to the pressure). 

Let us now deal with the modifications necessary to give Fig, 66 
a more general application. 

(1) DlFFEEEKCB OF TeMPEJUTURE BETWEEN THE StEAM AKD THE 

Final Temperature of the Circulating Water.^As an example, 

let us consider one ton of saturated steam at a pressure of 0,15 

kg per sq cm, and circulating water entering the condenser at an 

initial temperature of 35'^, and emerging at a temperature 5'^ less 

than that of the steam, i.e., at a temperature of 49^ instead of 54*^, 

the temperature of vaporisation of steam at a pressure of 0,15 kg 

per sq cm- 

The heat absorbed by one ton of water is directly proportional to 

the rise of temperature (if we neglect the sli'^ht variations in the 

specific heat of water, as these are of no importance to engineers), 

' When tho term ** satiiratjed '' steam is emplojxd, it is to be understood that 
the 8t€am ia neither iu}terftvaieti nor wet. 
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But in Table LIII. and Fig. 56 the temperature rise of the water is 
assumed to be equal to the difference between the temperature of 
the steam and the initial temperature of the water. We are, how- 
ever, unable to avail ourselves of the whole of this difference in 
temperature. Hence we must make a corresponding allowance by 
assuming that the water is heated to the temperature of the steam 
from an initial temperature which excedds the actual tempei'atiire by an 
amount equal to the final difference of temperature between the water 
and the steam. 



TABLE LIIL 



Tonsi 


yf Circxdaiiiig Water required 


to Condense one 


Ton 


of Saturated Steam when 


the Temperature of the Water is raised to the Temperature of the Steam. 


^ 

p 


h 

If 


i 


ToDi of Cirenlairng WatOT required to Cbndenso out Ton uf Strom wlien 


h 

M 


li 


the OlrcnlflttBg Watur \m^ the foIbwliiB Ipltlfll Tempemtureii. 


1^ 


1-^ 




























1 


1% 


^ 


0"C. 


B-a 


io«a 


15" C 


sa°a 


26" a 


30* C. 


3G»a 


10* C. 


ifi'C. 


ao^a 


h'^^c. 


CO" a 


0,02 


17 


680 


34 


52 


85 


31X1 












0.04 


29 


672 


20 


24 


80 


42 


Bl 


ir*o 
















0,06 


M 


mi 


16 


lu 


22 


2H 


as 


51 


95 


580 












0,08 


41 


mh 


14 


!6 


19 


23 


27 


35 


51 


95 


580 










0,10 


46 


G3B 


12.5 


14 


16 


IB 


22 


2g 


U 


51 


95 


570 








Q4Z 


49 


660 


11,5 


IH 


15 


17 


ID 


24 


Sfi 


■U 


66 


no 








0,15 


54 


mi 


10,5 


12 


VA 


15 


17 


IS* 


23 


HO 


41 


RO 


140 






o.io 


m 


e54 


9,5 


10 


11 


12 


U 


Id 


19 


23 


2S 


3G 


55 1 


113 




0,2S 


u 


f*50 


B,7 


%% 


10,0 


11,0 


12,5 


14 


16 


19 


22 


28 


38 


54 


113 


0,30 


m 


647 


«,I 


8.8 


9,6 


10,0 i 


11.5 


!3 


t4 


U 


1I» 


23 


2«J 


40 


66 


0,35 


72 


645 


IJ 


8,3 


9.0 


9.:. 


10,5 


12 


n 


15 


17 


20 


25 


32 


46 


0,40 


76 


642 


6,6 


7,8 


8,5 


}k,{\ 


10,0 


11 


12 


13 


15 


18 


21 


28 


36 



Thus in our numerical example, the actual initial temperature of 
the water is 85^, but the final temperature of the water is 5% less 
than the temperature of the steam, and in using Table LIII. and 
Fig. 56, we look for the weight of water corresponding to an initial 
temperature of 36° + 6° = 40°, and find that we require 41 tons 
of water per ton of steam. 

We may now formulate the following rule for the use of Fig. 56. 
If the temperature of the water does not rise to the temperature of 
the steam, the amount of the difference should be added to the 
initial temperature of the steam. An ordinate in Fig. 56 through 



96 



HEAATT ELECTRICAL ENGINEERIf 



the temperature thus obtainetl, will, at ita intersection with the 
appropriate curve, give the weight of water required. 

(2) Wet Steam. — If a mixture ul fiteam and water is ret|uired to 
be transformed into water at the same temperature, the amount of 



Ixhsust Pressure in Hg per Sq, Cm 

QM 0.0* ao5 gas omoj2 qjs 



0.2Q 



0,25 




^ — ii n | n ii h iiI mii tm jr u i i i i qn [i|i in( i n»[n i i|n'?T 

O^C fOr 20^C 30^C 4-0^ 50^C BQH 

fntttsf Temperature of Ctrcuisttn^ Water, 

Fig. 56. CUKVES SnOWING the QuaITTITY of WaTEH REQrTttEI> 
TO CONBEKSE OnE ToN OF STEAM. 

(Note. — The inal difference of temperature between the water and the 
ateam may be allowed for by adding it to the icitia! temperature 
on the above aoale*} 

circulating water required may be readily determined if the wetnesB 
factor is known. 

Let UB suppose that we have water at a temperature of 35° and 
that we require to condense one ton of steam at a pressure of 0,15 
kg per sq cm and with a wetness factor of 0,10. That ia to 8ay> 
the mixture arriving at the condenser is composed of 0,10 ton of 
water, and 0.90 ton of steam. 

The curves of Fig. r>fj .shnw that SO tons of water are refpiired to 
condense one ton of steam (provided the temi^ernlure of water rises 
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to the temperature of the steam), but we have seen that the mixture 
only contains 0,90 of a ton of steam, so that we shall only require 
0,90 X 30 = 27 tons of water. 

Thus the rule for wet steam is as follows : From the wetness 
factor, find the weight of water present in the mixture, and by 
subtraction obtain the net weight of steam requiring to be con- 
densed. The curves of Fig. 56 may then be used in the ordinary 
manner. 

(8) SuPBBHEATED Steam. — If the steam is saturated, we have to 
extract from it only the latent heat in order to obtain com- 
plete condensation, but if the steam is superheated, we require to 
extract an additional amount of heat ; as indicated in columns E, 
P and G of Table III on p. 8. The simplest method of performing 
the calculation is to find the weight of saturated steam (at the same 
pressure) which would involve the extraction of the same amount 
of heat. 

Thus, if we require to condense one ton of steam at a pressure of 

0,15 kg per sq cm and superheated 50°, we require to extract 

657 -f- 28 = 685 kw hr per ton. But saturated steam at this 

pressure would only require 657 kw hr per ton, so that one ton 

685 
of this superheated steam is equivalent to ^^ = 1,04 tons of 

saturated steam as regards the amount of heat requiring to be 
extracted to produce complete condensation. 

If now the temperature of the circulating water is 85°, and if it 
can be raised to the temperature of vaporisation, we shall require 
80 tons of water per ton of saturated steam, and 1,04 x 80 = 81,2 
tons of water per ton of superheated steam. 

General Problems. — Thus we see that all problems relating to the 
amount of water required to condense a given amount of steam can 
be solved from the elementary principle that 

Heat gained by water = heat lost by steam. 
As an example let us determine the weight of water required to 
condense 15 tons of steam under the following conditions : The 
water enters the condenser at a temperature of 28°, and is raised in 
the condenser to a temperature of 87°. The steam, which has a 
wetness factor of 0,17, enters the condenser at a pressure of 0,12 
kg per sq cm, and the temperature of the hot well is 46°. 

The steam heat of saturated steam at a pressure of 0,12 kg 
per sq cm is 717 kw hr per ton, and the heat of water at 46° is 53 
kw hr per ton; so that every ton of saturated steam parts with 

H.E.E. H 
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717 — 53 = 664 kw hr when it ia condensed to water at 46° 
The weight of the mixture is 15 tons, and the wetness factor is 
0,17, BO that the net weight of steam is (1 — 0,17) X 15 = 0,83 
X 15 — 12,5 tons. Hence we require to extract l%5 X 664 = 
8300 kw hr from the steam. It only remains to find the weiglit of 
water required to absorb 8,300 kw hr, while the temperature of the 
water is raised from 23"^ to 37*^. 

The rise in temperature ia 37 — 23 = 14*^. When one ton oE 
water is heated through P it absorbs 1,16 kw hr. Hence when one 
ton is heated through 14^ it must absorb 14 X 1,16 = 16,8 kw hr, 
and the weight of water required is 

830^ 
16,3 

Types of Condekser. — Having obtained some idea of the futic- 
tion of a condenser, let us now briefly consider the principal types 
that have been adopted for practical use. The four chief types are 
as follows :— 

(1) Jet Condenser. 

(2) Surface Condenser. 

(3) Ejector Condenser. 

(4) Evaporative Condenser. 
(1) Jet Comiiuser. — The first and most obvious method of con* 

densing steam ia by means of the jet condenser, so called because 
the exhaust steam from the engine passes into a chamber, where it 
comes into contact with a jet of cold water, which is sprayed into 
the chamber. The incoming steam mixes intimately with the jet 
of water, and an exchange of heat is rapidly effected, the steam 

I condensing and the water rising in temperature. 

' We have seen that, in general, we require a large amount of water 

to condense a relatively small quantity of steam. This necessitates 

I making ample provision for removing the great bulk of water from 

[ the condenser by means of large pumps which are generally called 

air pumps, from the circumstance that a portion of their duty 
consists in removing any air which has entered the condenser with 
the steam. The presence of air necessarily increases the pressure 
in the condenser, or, in other words, impairs the vacuum. It is of 

Lthe utmost importance, therefore, to reduce the leakage of air as 
much as practicable. 
(2) Surface Condenser. — The surface condenser w*as introduced in 
order to avoid the necessity for pumping out such large quantitie 
of w^ater from the condenser chamber. In this type of condenser 
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which appears to be superseding other types for plants working under 
normal conditions, the cooling water does not come into contact 
with the steam which it condenses. As generally arranged, the 
water circulates through a bank of brass tubes of some 15 milli- 
meters external diameter, situated in a cast iron chamber. The 
exhaust steam enters this chamber, and impinges on the brass tubes. 
The heat of the steam is transferred through the metal walls of the 
tubes to the water which is continually circulating through them. 

In a surface condenser, the temperature of the circulating water 
on emerging is somewhat less than the temperature of the condensed 
steam, so that more water is necessary than with a jet condenser. 
But this consideration is generally far outweighed by the circimi- 
stance that the condensed steam does not mingle with the cooling 
water. From this it not only results that the capacity of the air 
pumps may be much less, but also that the condensed steam, which 
is comparatively pure, may at 6nce be used again as feed water for 
the boilers. This is an advantage which, with piston engines, has the 
drawback that the condensation is contaminated with cylinder oil. 
But with steam turbines the surface condenser leads to almost ideal 
conditions in this respect. 

(3) Ejector Condenser. — Ejector condensers are only used in 
small plants. They are designed on the principle of impelling a 
spray of water past the mouth of the exhaust steam pipe. They 
possess the important advantage that no air pump is required, the 
only moving machinery being a centrifugal pump to deal with the 
circulating water. A good supply of water is essential for the 
successful working of an ejector condenser. 

(4) Evapoi'ative Condenser, — Where the temperature of the cooling 
water available for condensers is high, or where the cost for large 
quantities is prohibitive, it may be of advantage to install evaporative 
condensers. In this type of condenser the exhaust steam enters a 
series of cast iron tubes, over which a continual supply of water is 
kept trickling. The heat given out by the steam during condensa- 
tion raises the temperature of the water, and evaporates a certain 
portion of it. The remainder of the water falls into a tank 
immediately beneath the tubes, and is in turn again pumped over 
the tubes. The amount of water evaporated may be some two-thirds 
of the weight of steam condensed. In order to obtain economically 
a maximum of tube surface, the cast iron tubes are sometimes 
corrugated. 

Excellent descriptions and detailed illustrations of the foiegoing 
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types of condensers may be found in text-books. From this point 
onwards we sball confine ourgelves to considerations relating to 
surface condensers, since this is the type which is in by far the 
most extensive use at present. 

By means of Table LIIL and Fig, 5fi, we are able U} calculate 
the amount of water required for maintaining a given exhaust 
pressure, provided we have the necessary data as to the range of 
temperature eliange of tbe circulating water. As a rule we can 
ascertain the iuilial temperature of the avaihible circulating water, 
but we shall not know how closely the final temperature of the cir- 
culating water may be brought to that of the condensed steam, and 
we mu«t have recourse to test results* An exhaustive series of tests 
has been carried out by Allen,^ and the author has, from Allen's 
results, deduced the curves in Figs. 57 to 59. 

From Fig. 57 we see that when oi>erating the condenser at the 
rate of 0,25 kg of steam per hour per sq dm of surface, Allen 
required 52 tons of water at an initial temperature of 20-; to con- 
dense one ton of steam at a pressure of 0,08 kg per sq cm. If we 
refer back to Fig, 56, we see that 52 tons of water at 30'-"' would 
have sufficed to condense one ton of steam at the same pressure, if 
the final temperature of the water had been the same as that of the 
steiun. From this we conclude that in a condenser of the type 
tested by Allen, the final diflference in temperature between the 
water and the steam was in this instance 30 — 20 — 10^ The 
dotted curves in Figs, 57 — 59 indicate the final diflference of tempera- 
ture betwetm the circulating water and the condensed steam^ The 
vaUioH arc obtained in the manner outlined above. 

I'lxamining the corresponding curve in Fig. 58 corres|X)nding to 
O.HH lig of steam per sq dm per hour, we find that Allen required 
fi7 tons of water to condense one ton of steam at a pressure of 
iKOH hg per sq era, and from Fig. B6 we calculate that the final 
ililTf^riuuH) of temperature is IP. Again, from Fig* 59 it is seen that 
iUvvw wtnu nniuireil i\2 tons of water per ton of steam, and the final 
dilb^'enet) uf Icmjjcrature is 12'^. 

1'Ih* condensor used by Allen in these tests had a total tube 
Burlaco of 2H00 srj dm. In one series of tests the average weight 
of Hhium cntultnisml per hour was 0,08 tons or 680 kg. This is 
iijUJi'oxiuuUt^ly t^qual to 0,25 kg of steam condensed per sq deci- 
meter of tiibu stirfaco per hour. Fig. 57 shows the result of these 

I Hm fncf'-roiiilctiKiiig Plaiita, by B. W. Allen, *' Prac, Inst, Civil EDgineere,** 
Vob ulxi,, Fob.» llHJd. 
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tests, and Figs. 58 and 59 correspond to tests at 0,38 and 0,50 kg of 
steam per sq dm per hour respectively. 
We thus see that the greater the rate of condensation of steam 
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for a given condenser, the greater will be the final difference of 
temperature between the water and the steam. The result is 
inevitable, since the velocity of both the steam and the water in 



Fig. 59 ia approximately double the correspondiug velocities in 

Fig. 57. 

, The curves in Fig. 60 have beeu deduced from one of tlie 

H numerous series ol tests carried out by Prof. E. L. Weighton.^ 

^ The condenser had a tube surface of 570 sq dm, and the curves 

were found to apply to all tests up to 0,5*35 tons of steam per hour 

or 1 kg of steam per sq dm per hour. The divergence between the 

results in Fig. 60 and those in Figs, 57—51) indicate that the type 

and condition of the condenser largely affect the working results. 

Surface condensers for steam turbine work should be proportioned 
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Since good coal has a calorific capacity of some 8700 kw hr per 



ton, we shall burn 



3000 
8700 



= 0,345 million tons of coal and we shall 



produce some 3,5 million tons of steam. 

Hence we may require to circulate some 350 million tons of 
cooling water in condensing this steam. 

One ton of water = 1000 liters (= 220 gallons). 
Thus the annual circulation is 350 000 million liters, or 
220 X 350 = 77 000 million gallons. 
Allowing for 10 per cent, evaporation, there must be supplied 
per annum, some 85 000 million liters, or 7700 million gallons of 
make up water. 

If this costs one penny per 1000 gallons, we have a charge of 
7,7 million pence = 

7 700 000 



240 



= £32 000. 



If coal costs 10 shillings per ton, we have an annual expenditure 
of £178 000 for coal. 

Thus in this case the circulating water costs 

— Ytq — = 1Q»5 per cent, of the cost of the coal. 

Were we to use piston engines, which would not be so greatly 
affected as regards decreased economy, by a slightly higher exhaust 
pressure, we could reduce this charge by half, and have, say, only 9,3 
per cent, cost for circulating water, and a great reduction in capital 
outlay for condensers and cooling towers, smaller pumps and less 
energy consumed by pumps. On the other hand, the turbines will 
only require an outlay of some 5 per cent, less for oil. 

Thus setting cost for coal at 100, we have — 





Piston Engine. 


Steam Turbine. 


Coal . 

Circulating water 
Oil . . . 

Total . 


100 
9 
8 


100 

19 

3 


117 


122 



The higher the cost of coal and the lower the cost of circulating 
water, the less will be the advantage of the piston engine in this 
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respect. Often, however, the charge for circulating water ia several 
pence per thousand gallons, whereas in the above example it has 
been taken as costing only Id. per 1000 gallons. 

Let us eoosider the case of providing a condenser for use with a 
steam engine or turbine working between an admission pressure of 
13 kg per sq etn and with 50^ of superheat, and an exhaust pressure 
of 0,1 kg per sq cm. From tlie steam tables we find that, at 
admission, one ton of steam contains BIO kw hr of energy. From 
Table IX. on p. 10, we see that the wetness factor of the exhaust 
steam should be of the order of 0,22. Hence for every ton of steam 
admitted to the cylinder at a pressure of 13 kg per aq cm, and 
Buperheated 50 \ the exhaust mixture (at a pressure of 0,1 kg per 
sq cm) will contain 0,22 tons of water and 0,78 tons of steam. 

The hitent heat at the exhaust pressure is 66!i kw In* per ton, 
hence for each ton of the exhaust mixture we shall require to 
extract 0,78 X 663 — 518 kw hr of energy in order to effect 
complete condensation. If the temperature of the circulating 
water is 30% and if we estimate the condenser surface on the 
basis of condensing 0,5 kg of steam per hour per sq dm of cooling 
surface, then according to Allen's results, as given in Fig* 59, we 
shall require 89 tons of water per ton of steam. But tor each ton of 
exliaust mixture, the net weight of steam is only 0,78 tons, so 
that there is required some 0,78 x 89 = 70 tons of water for each 
ton of steam passing tb rough the engine. 



CHAPTER VI 

ELECTRIC OENERATING PLANT 

Size of Unit. — There is no longer any question but that alter- 
nating current polyphase generating sets, each of large capacity, 
are preferable for large electric generating stations supplying energy 
to substations. During recent years the sizes of the individual 
units have rapidly increased until 5000 kw sets are now in extensive 
use and still larger sets are beginning to be employed. It is highly 
probable that in the immediate future, three-phase alternators, 
each delivering from 10 000 kw to 20 000 kw at their normal rating, 
will be successfully developed. These will be driven by steam 
turbines at speeds which may at first glance seem low, namely at 
speeds ranging from some 375 rpm for 10 000 kw sets, down to 
260 rpm or less for 20 000 kw sets. It should, however, be 
remembered that the steam turbines on the Manritama and the 
Lusitania, each turbine having a capacity for some 20 000 hp, are 
operated at a speed of less than 200 rpm when the vessel is pro- 
ceeding at a speed of 25 knots. A land-type 10 000 kw turbo alter- 
nator would be driven by a steam turbine with a maximum capacity 
of well above 20 000 hp, and thus 375 rpm for such a set is still 
far higher than the speeds adopted for marine steam turbmes of 
similar outputs. 

With increase in the rated capacity, the employment of higher 
voltages becomes the more practicable, and 20 000 volts for a 
20 000 kw^ set imposes no grave designing difficulties. A 20 000 
volt 20 000 kw 26-cycle 250 rpm set will have 12 poles, a rotor 
diameter of some 4 meters (corresponding to a peripheral speed 
of 52 meters per second), and some 2 meters length of armature 
core parallel to the shaft. The length over the stator armature 
windings will amount to some 3 meters and the external diameter 
over the stator core will be some 6 meters. As external dimen- 
sions, some 6 meters diameter over the casing, and a length over 
end shields of some 4 meters, are reasonable estimates. This 
alternator will require some 15 tons of copper, 186 tons of electro- 
magnetically eflfective iron, and 150 tons of materials entering into 
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the mechanical design. Tiiia aggregates 850 tons, or 17'5 kg \yev 
kilowatt of rattid output. For a (>80(> kw generating set, a pressure 
much above 11 OOO volts (6350 voUh per jjhase), eulails conaider- 
aLle increase in the cost of the machine, and 11 000 volts may he 
taken as the preferable pressure. It is, however, higlily prohalde 
that our gradually increa.'^ing knowledge of insulating materials will 
be accompanied hy a substantial increase in the preferable pressure. 

Ifisnlatkm of Hajk Pressure Machines^ — Indeed the weakest point 
of present day designs of high tension machinery is the insula- 
tion. This elate of affaire is m little realised that it is desirable 
to go further into the matter. Ten years ago the most experi- 
enced and conscieuiioua manufacturers of alternators employed 
some 8 mm thickness of slot insulation on 10 000 volt macbioea. 
Half this thickness is now employed and with equally high safety 
factors, Tliis progress has been accomplished chietly with the 
poor guidance afforded by the almost culpably BUi>erficial tests of 
insulating materials heretofore considered sufficient. The conse- 
quent delay to the development of the electrical industry is, to 
those in a position to realise it, extremely vexatious. Those con- 
cerned in the management of most of the largest and best equipped 
companies engaged in building electrical machinery are very active 
in discountenancing rigorous insulation tests, and for obvious but 
short-sighted reasons. The ol>stacles which they place in the way 
of such tests greatly impede progress toward improved methods of 
insulation. 

The teelnncal i>olicy of large electrical manufacturers is notoriously 
short-sighted. Too much enterprise is shown in taking orders at 
prices which, at the very best, can only permit of a profit when the 
design is cut very fine. If this is done with machines on which 
rigorous insulation guarantees have been undertaken, the manu- 
facturer, on the occasion of the inspection tests, frequently resorts 
to discreditable tactics to avoid making the tests* The inspector 
IB taunted with being unpractical, since it is alleged that, while the 
machine would withstand the tesLs, the insulation would be per- 
manently strained. In cases where the specification has been 
intelligently drawn up in the customer's interests, and where the 
inspector insists upon its fulfilment, the manufacturer's designing 
engineers have an expensive object lesson which sometimes leads to 
a few desultory experimental investigations on insulating materials, 
and some of the results may make a sufficient impression to occasion 
the adoption of improved methods. 
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In another ten years we shall probably be employing a slot 
insulation thickness of 2 mm on 10 000 volt alternators, and with 
as high safety factors as were obtained with 8 mm ten years ago, 
and with 4 mm to-day. Had we, however, during the last ten 
years given anywhere nearly as much and as intelligent attention 
to the investigation of insulating materials as has been devoted to 
other aspects of dynamo design, we should already be in this posi- 
tion. The consequences of being able to reduce the thickness of the 
slot insulation are far reaching. We can take up part of the 
advantage in distributing the armature winding in more slots per 
pole. Tliis will give us a better wave form, and greater immunity 
from the insulation troubles occasioned by higher harmonics and 
surges. As an alternative we can make the machine smaller and 
lower in cost, or else we can reduce the temperature rise or 
increase the output, or we can improve the pressure regulation 
in virtue of the greater proportion of the active belt which becomes 
available for copper and iron. But at present the slot insulation 
thickness is but a poor criterion of the quality of the machine 
from the safety standpoint. A certain manufacturer may be pro- 
ducing a better insulated 10 000 volt machine with a slot insulation 
thickness of 4 mm than another manufacturer is producing with 
8 mm. The indifference to insulation investigations is deplorable. 
Almost any young man may, a few years after leaving a technical 
school, attain some approach to proficiency as a designer, so far as 
relates to the proportioning of the electric and magnetic circuits, as 
the problems involved have now been made more or less susceptible 
to technical analysis. Insulation problems cannot at present be 
solved in this way. The young engineer is thus for a time well 
content to be surreptitiously prompted by the winding foreman 
when it comes to drawing up the insulation instructions to be sent 
out later, probably to this very foreman. The foreman's experience 
is often considerable ; the jiuigment which he may have acquired as 
the result of this experience, while it is sometimes sound, is rarely 
progressive. 

When, as occasionally happens, the foreman's judgment is sub- 
sequently overruled by the young designer, the consequences are 
rarely encouraging, though, as they are often enlightening, they are 
apt to be attended by a certain amount of fitful progress. This descrip- 
tion is not overdrawn, but it is a composite impression of the actual 
occurrences in a good many companies, and it should throw some light 
on the repugnance shown by manufacturers to the introduction of 
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other than the mildest insulation tests. It should^ however, not 
require much reflection to nnderstand that the adoption of more 
Bcientiiic methods of inBulatioo testing would nevertheless be of an 
advantage to the manufacturer^ which would far outweigh the expense 
incurred. The studied attempt on the part of hirge manufacturers 
and their subservient engineer si to discredit the practice of suitjecting 
machines to high voltage insulation testa and to substitute low 
factors of safety io specifications to which thej tender, should not 
be permitted to succeed. If insulation tests are correctly made, the 
application of the prescribed high voltage will occasion no injury 
provided the insulation design is adequate, the material sound, and 
the workmanship intelligently supervised. 

By careful tests and repeated examinations we may gradually 
raise the testing voltage to the specified amount, with the fairly 
certain knowledge that its application for one minute or for any 
other stipulated interval shall occasion no permanent harm to the 
machine. This, of course, is provided the insuhition of the machine 
has been designed and carried out on a sufficiently liberal basis to 
justify the application of the speeitied voltage. Even with this 
provision, the immediate application in the first instance of the full 
testing voltage for the stipulated time would be a highly injudi- 
cious procedure J and should only be permitted alter the careful and 
exhaustive tests at lower pressures. These teats should be made 
at gradually higher and higher pressures before the application of 
the final voltage is made. The testing engineer will thus assure 
himself from the analysis of the results of the preceding tests, and 
from his repeated inspection of the machine, that the full voltage 
can be applied for the stipulated inten^al without any risk of damage. 

The operating engineer is in most instances only too eager to 
achieve the best results with the plant in his care. The fact that 
it has been customary to supinely wait for the insulation to break 
down is to a certain extent explained by the circumstance that the 
means for detecting the weakening of slot insulation prior to ita 
attaining serious proportions have not been readily available, nor 
have the nature of the necessary measurements been at all obvious 
heretofore. 

Even after machines are installed and placed in service, it is 
highly desirable to have tests of this nature carried out at intervals 
of, say, once per week and entered up in a log book. Such a 
procedure will enalile the oiK^rating engineer to detect symptoms of 
any weakening in the insulation, long before these symptoms have 



I 



I 
I 




ELECTRIC GENERATING PLANT 109 

developed to such a point as to endanger the serviceability of the 
machine. These considerations are more important the larger the 
size of the machine, as a serious breakdown on a very large machine 
OBually involves a great expenditure of time and money. 

The Mechanical Design of Alternator Windings. — Another impor- 
tant point which is frequently overlooked in drawing up specifica- 
tions for alternators relates to the requirements as regards the 
mechanical design of the windings. Tlie construction of the end 
connections of the stator windings of a three-phase alternator 
should be such that they will withstand the following test : — 

With the alternator running at normal speed and with the arma- 
ture windings on open circuit, the field excitation should be adjusted 
to the value previously ascertained as necessary for obtaining 
normal voltage at the armature terminals when the machine is 
carrying its rated full load current. When this adjustment has 
been made, the armature should be abruptly short-circuited across 
the three terminals of its windings. For an instant, a current 
several times (often six or more times) in excess of full load current, 
will traverse the armature windings. This will rapidly decrease to 
some three times full load current and will remain constant at that 
value. On some machines, and under some conditions, the large 
instantaneous current may be read from an ammeter, but in other 
designs it will be of such brief duration as only to be detected by 
means of the record from an oscillograph. Except as a matter of 
interest, it is not necessary for the purposes of the test that this 
current should be determined. 

During and subsequent to this test, the stator end connections 
should be carefully inspected. Should no temporary or permanent 
displacement of the end connections be detected, the construc- 
tion may be considered satisfactory. Otherwise, the construction 
should be so modified as to enable the machine to satisfactorily 
withstand this test. The machine can then be relied upon to 
sustain no mechanical injury as the result of short circuits on the 
line. 

It is, of course, desirable that a machine, when its fields are 
excited to the normal Value, as defined above, should withstand the 
stress consequent upon being thrown in parallel with other 
machines already themselves operating in synchronism, when in 
precisely the opposite phase from these other machines, and modern 
machines will often withstand this test. But such an extreme con- 
dition could fairly be pronounced unreasonable, and would obviously 
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only arise through misuse of the raaehiue, even 
occurreoce might he accidentaL 

The test ahove preseribed would, however, ensure that the 
machine would not he liable to sustain injury when thrown into 
phase with other machines, afc an instant when ita own phase 
differed by a reason able amount from the phase of the other 
machinee, as inevitably occurs repeatedly in the ordiiuvrj course of 
operation of all pknts employing machinery of tins kind. This 
does not signify misuse of such maehinery. 

If it appears douhLful whether a completed machine will with- 
stand this test, and if it is desired to avoid injury to the windings in 
ascertaining the mechanical sufficiency or otherwise of this feature 
of the desigo, then the tests may he carried out by first short 
circiiitiug the machine with some 20 per cent, of normal excitation 
and then repeating the test, employing 10 per cent, higher excita- 
tion each time. One may thtis determine the value of the excitation 
at which the lirst slight mechanical displacement of the end con- 
nections occurs and thus avoid the risk of the serious injury to the 
machine which might he occasioned hy short circuiting it in 
the first iustance with the excitation adjusted at a high value. 

These tests may disclose the necessity for an improved mechanical 
construction of the end connection supporting arrangements. 
When such contingencies have not been foreseen, it is generally 
extremely difficult to incorporate adequate arrangements, and extra 
insulation becomes necessary in isolating the end connections from 
the additional supporting brackets or flanges. Hence short circuit 
tests of any such re-modelled constructions should he followed hy 
insulation tests and by heating tests, in order to determine whether 
the design, after finally withstanding the short-circuit tests, still 
complies with the insulation and heating requirements. 

It is desirable to require that the short circuit test with normal 
excitation ishall be repeated for a reasonable number of times 
and that no displacement of the end connections shall be thereby 
occasioned. 

Furihar Mtchanictd Test^ of Ilbjh Sjiinl Mai-hines, — On account 
of the high peripheral speeds of turbo -driven alternators, rather small 
mechanical factors of safety are apt to be employed, A high speed 
alternator should be recjuired to withstand a test consisting of run- 
ning it for five minutes at 50 per cent, in excess of normal speed. 
Alternators to be driven from water wheels are sometimes required 
to withetaud a test at double normal speed. The author has had 
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occasion to subject 5000 kw alternators to this test. In one instance 
the peripheral speed reached 115 meters per second. The bearing 
and windage friction was then some 10 times that corresponding 
to normal speed, and although, of course, the alternator was driven 
at no load, and unexcited, quite elaborate testing arrangements 
were necessary. 

It is as well to keep this in mind, as such arrangements, if not 
planned in advance, occasion delays which are vexatious to all 
concerned. The inspecting engineer recognises that he is in duty 
bound to have the tests carried out, and his position should be 
respected by the contractor. Almost invariably, however, his task 
is rendered very difficult by representations that the requirement 
is unreasonable, and it- is often plainly intimated that he is dis- 
playing poor judgment in refusing to pass the machines without 
this or some other test. Contractors should realise that it is only ' 
common courtesy to an inspector to give him every reasonable 
facility for conscientiously carrying out the specified tests. If 
certain conditions of the specification are irksome to them, they 
have only themselves to blame for taking on the contract. To trust 
to Providence that a docile inspector shall be allotted to them is to 
harbour the dishonest intention not to live up to the specification. 

Unfortunately most contractors are, in the writer's opinion, and 
as the result of considerable experience, inclined to resort to brow- 
beating any inspecting engineer who acts right up to his clients' 
interests, and it is to be feared that this state of affairs is in no 
small measure due to the docility and inefficiency of most inspect- 
ing engineers. The inspecting engineer must, of course, abstain 
from requiring unreasonable tests, and he must stand prepared, 
if in his opinion certain clauses in the specification are unreasonable 
and not necessary in guarding his client's interests, to place these 
facts before his client with a recommendation that he be authorised 
to waive these tests. But this is a long way removed from taking 
sides with the contractor, letting the specification go by the board, 
and blindly passing the machinery. That, and that alone, is the 
attitude required by some contractors, and they will go to any 
length to render untenable the position of a conscientious inspecting 
engineer who, if aware of this state of affairs in the first place, 
would only undertake the inspection on the distinct assurance from 
his client that he quite understood the situation and required that 
the machinery should be subjected to a serious inspection. Unfortu- 
nately, however, the state of affairs only becomes untenable at a 
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later stage and the inspecior is often dismayed to find actual 
collusion between contractor and client. Thu« the contractor may 
he an iorinenfcial shareholder in the company for whom the client 
is acting, or the client, in some other capacity, may be dei>eadent 
upon the contractor for a considerable proportion of the buHiness 
turned over to him in this other capacity. Such rehitions are far 
from rare, and where they exist, the business is a farce so far as 
relates to spc^cifi cat ions and tests. The various scenes in this farce 
are^ however, generally carried through with every outward api>ear- 
ance of seriousness, for the edification of the lesser shareholders in 
the various related enterprises. 

No discerning engineer of experience will fail to recognise these 
as representative of the conditions amidst which, or, rather, notwith- 
standing which J serious engineering enterprises are being carried 
through. The resulting excessive capital outlay incurred before 
any large engineering undertaking is completed is frequently less 
a direct burden on the original investors than on the public at 
large, upon whom the burden is ultimately shifted^ As instances 
of the more or less direct consequences of the handicap thus 
imposed upon important engineering undertakings may be men- 
tioned the high charges for electrical energy in London and Paris, 
the necessity to increase the fares on the tube railways, and the con- 
tinued postponement of the electrification of the suburban sections 
of the main line railways terminating in London, 

In the first and second of these instances the higher rates are 
required to a far greater extent for the purpose of meeting the 
charges on the wasteful and misdirected initial capital outlay than 
they are required for meeting the operating costs. The continual 
delay in railway electrification in a field where it would be of great 
advantage is in large measure due to the distrust created in the 
minds of railway directors by the conflicting views regarding the 
merits of single phase traction, and this delay is Ukely to be further 
protracted when the results obtained on the single phase roads 
now building are analysed. These results will he of so distinctly 
unsatisfactory a nature as to reflect seriously on railway electrifica- 
tion in general. In a subsequent chapter dealing more specifically 
with systems of electric traction, the grounds for dissatisfaction 
with the attitude of the advocates of the single phase system are 
more specifically set forth. 

The Eclat ire MeriU of Genemtittfj Sett of Various Tijpes, — 
Gas-engine- driven polyphase generators are in some respects 
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unfortunate combinations from the dynamo builder's standpoint. 
The disadvantages relate chiefly to the parallel running of such 
sets, and to the operation of sub-station apparatus therefrom. 
The uniformity of angular rotation must first be maintained as 
high as possible, and the means to this end at the gas engine 
designer's disposal have to be supplemented by very great additional 
flywheel capacity. Assuming this to be provided, the next step 
consists in sacrificing several per cent, of the efficiency of the poly- 
phase generator owing to losses in amortisseurs employed in order 
to still further reduce the lack of uniformity in angular rotation. 
But the combined set will even then be distinctly deficient in this 
respect, and another feature should be introduced, namely, a very 
low periodicity, and this periodicity should be lower the lower the 
speed of the type of gas engine employed. This last feature, namely, 
low periodicity, possesses no especial disadvantages ; it leads to a 
better design of generator with fewer poles and higher efficiency, 
and also to better conditions in the transmission line and at the 
sub-station. Yet it is the one step least likely to be resorted to, 
and for no very good reason, so far at least as relates to traction 
work. The persistency in refraining from low periodicities when 
justified by circumstances, such as the parallel operation of poly- 
phase generators from gas engines, and even from large slow-speed 
steam engines, is really a remarkable phenomenon in modern 
electrical engineering, but there are at length signs of a more 
satisfactory attitude on this question. 

Comparatively few installations with parallel-operated polyphase 
generators, driven by gas engines of large capacity, are in service, 
and it would seem unwise to disregard the lessons learned on plants 
employing their nearest equivalent, namely, large slow-speed steam 
engines with scanty flywheel capacity. Experience with such sets 
has shown the wisdom of taking all practical precautions to improve 
the uniformity of angular rotation, and, for a given obtainable angular 
uniformity, to improve the electro-magnetic uniformity by employing 
low periodicity. Thus, for a given degree of angular uniformity at 
a given speed, the electro-magnetic uniformity will be inversely 
proportional to the periodicity. For example, the percentage electro- 
magnetic displacement will, for a given speed, be just twice as great 
in a thirty-cycle generating set as in one for fifteen cycles per 
second. This is an indisputable broad fact, and is altogether 
independent of the quaUty of the gas engine or steam engine from 
which the electric generator is driven. Perfect satisfaction could. 
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doiiljUess, be obtained witli polypbase current, gasengine-drivon 
geoeratora for parallel operation, were a sufficiently low periodicity 
adopted, and motor generator 8ub- stations could be operated Ibere- 
from. Should all the other conditions be favourable, namely, were 
there employed fairly high-speed gas engines with the best obtain- 
able inherent uniformity oE angular rotation, ample flywheel 
capacity and very low periodicity, rotary converters might even 
be used instead of motor generators were there sufficiently good 
reason for employing them» and were they not required to have 
especially high commutator voltage. 

Rotary con%^erters, owing to their somewhat low^er first cost, high 
nominal efficiency, and to their economy in floor space, continue to l>e 
employed in sub-station ecpiipment in spite of their many undesirable 
properties. The question of motor generators rerms rotary converters 
has received a great deal of consideration. One point, however, 
which is still generally overlooked, is that a much greater cost for 
high-tension cables is required when rotary converters are employed 
in sub-stations, in order to obtain any approach to a satisfactory auto- 
matic control of the commutator voltage. ThiH is a most important 
point to keep in mind from the commercial standpoint when we 
consider the proportion which the cost of high-tension cables bears 
to tho total cost in tlie average installation for traction. 

Engineers cannot aflford to overlook the economics which may be 
effected in that direction by employing motor generators instead 
of rotary converters. For with motor generator seta the caldes 
may be given the minimum copper cross section consistent with 
thermal condition 8, as the synchronous motor in the sub-station, if 
suitably designed, will carry high overloads at much less than normal 
voltage, as will also the rotary converter, but with the latter the 
commutator voltage, even with a liberal compound winding, cannot 
be maintained high when the drop in the transmission line is great, 
nor can freedom from "surging** or ** hunting'' then be ensurud. 

Returning to the question of the field for gas engines for driving 
electric generators, we have seen tlutt, with polyphase machines, satis- 
factory results can only be obtained by arranging that all the other 
conditions shall he favourable to good electro-magnetic uniformity. 
Large continuottH'Ctirrent generators may, however, be designed on 
economical lines for direct coupling to slow speed gas engines. 
It is true that even a continuous current generator may be sensitive 
at the commutator as tho result of insufficiently uniform angular 
rotation, but for low speeds there is no difficulty in designing even 
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the largest continuous-current generators (and for high voltage if 
desired) with such excellent commutating properties as to have 
ample margin in this respect ; and such designs may be thoroughly 
normal, not requiring any undue outlay for material and construc- 
tion. For continuous-current generators to be driven from high 
speed gas engines the case is somewhat different. For the customary 
high speeds for such engines, the difficulties are by no means great 
as regards the securing of satisfactory results, but such results can 
only be secured by considerable liberality in material, so that the 
high speed continuous- current generator, if equally satisfactory in 
performance, will for its output be but little less expensive than its 
low speed equivalent; and the difficulties are greater the higher the 
rated speed and output. In other words, a satisfactory machine of 
small output could have a fairly high rated speed without being dis- 
proportionately expensive per unit of output for that speed. When 
both speed and output are high, a gas-engine-driven continuous- 
current generator should be liberally designed and consequently 
relatively expensive. Slow-speed steam engines practically always 
have amply sufficient angular uniformity for the purposes of driving 
continuous-current generators, and the slow- speed steam engine 
may be regarded as the ideal engine for this purpose, for the most 
favourable condition for obtaining satisfactory commutation from 
large continuous-current generators is low speed. Where, however, 
high speed is absolutely required, continuous-current generators of 
large capacity require to be designed on lines leading to nearly as 
great cost as for the same rating at low speed. 

Up to fairly high values for the speed, however, the design and 
operation of polyphase generators are rendered very much more 
satisfactory the higher the speed. Polyphase generators of large 
capacity for direct driving from low-speed engines are less satis- 
factory the higher the frequency. As for gas-engine-driven poly- 
phase generators, they may be made fairly satisfactory if required 
for low periodicity. The higher the periodicity, the more important 
for polyphase machines does high speed driving become. The so- 
CKlled " high-speed " and ** quick revolution " engines have a range 
of speeds admirably adapted for driving alternators of corresponding 
outputs, and for any periodicity which would nowadays be chosen. 
But even for these cases the design and operation of the alternators 
are generally better when for low periodicity, which is, however, 
t^en much less essential to good operation than with low speed 
sets, where it becomes all-important. 

I 2 
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Coming next to steam turbine speeds, these are at present 
undeBirably high even for polyphase machines, and owing to the 
email number of poles, such as bi-polar and four-pole machines, and 
the designing difticiilties, eapeciallj with reference to avoiding 
undue temperature rise, associated with machines of large capacity 
with these very Bmall numhers of poles, the tendency is to adopt 
rather higlier periodicities, and thus employ more poles where large 
Bteam4urhine-dri%^en polyphase generators are required. And this 
is justifiable until such time as shall suffice for the evoluttou of 
considerably slower speed steam turbines, but it should be an 
additional consideration weighing against employing rotary con- 
verter sub-slations on systems with steam-turbine-driven generators, 
except possihly where the rotary convertor*s commutator voltage 
may be low or its rated capacity small, and these conditions are 
rarely encountered in modern traction woi'k. 

In fact the present customary continuous-current voltage is too 
low, and were it not for the high degree of standardisation to which 
the large electrical manufacturing companies who usually undertake 
these schemes have brought their traction systems and apparatus^ 
and for local regulations and prejudices, a good deal could he said 
in favour of employing, for traction work, a continuous current 
pressure of 1200 volts, or even much higher pressure, in place 
of the time-honoured limit of 650 volts. This would materially 
reduce the coat for transmission copper, and would lead to little, if 
any, difficulty in the desij^n either of generators, motors, or con- 
trollers; it could be fairly maintained that, from the designer's 
standpoint, the advantages woidd generally offset the difficulties. 
It would, it is true, make low speed engines more than ever desir- 
able for driving the machines at the power house in cases where the 
latter were to directly generate continuous current ; and where the 
power is there generated in the form of polyphase energy it would lead 
to rather lower speed, and hence to somewhat more expensive motor- 
generator sets at the suh-slationa in the interests of a good design 
for the secondary member — the continuous current generator, and 
it would weigh to a still greater extent against the use of rotary 
converters. But large high voltage low-speed continuous-current 
generators, whether for the power house or tor the secondary of the 
Bub-station sets, may be economically designed for excellent per- 
formance, and in fact more economically, bo far as relates to their 
commutators, in proportion to the increased voltage, since the 
amount of active material in a commutator isj to a certain extent, 
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proportional to the current to be collected, as are also the PR losses 
and brush friction losses. Hence the high voltage machine is the 
more efficient, not only on account of the reduced commutator 
losses, but also to the extent of the somewhat reduced field copper 
and armature core losses, since the number of poles is, preferably, 
considerably less. The altered conditions in the design of the 
tramcar motor would not off-set one another so greatly in favour of 
a 1200 volt machine ; there would, in fact, be little if any choice, 
but the difficulties of design in controllers for heavy traction work 
are in proportion to the currents to be carried, and hence would be 
less — at any rate they would not be increased — by the adoption of 
1200 volt motors. The same applies to collecting ploughs, trolleys, 
circuit-breakers, and auxiliary apparatus generally, and in heavy 
railway work at least 1200 volts will certainly be employed. The 
progress made in the manufacture and application of insulating 
materials generally is ample to justify the use of much higher 
pressures for such work, without entertaining any misgivings on 
this score. 

In the light of the considerations touched upon above, it will 
be plain that the great economies now known to be possible by 
the employment of gas engines may, so far as their employment in 
driving electric generators is concerned, be most satisfactorily used 
in connection with large, low-speed, continuous-current dynamos. 
With the present state of advancement in dynamo design, excellent 
machines for this purpose may be provided and at normal cost. 
Continuous current transmission from the central station at 
moderately high pressures from such units is, with the increasing 
magnitude of traction projects, very desirable indeed, and the area 
to be economically fed from a single power house may thereby be 
greatly increased. 

Development on the line of steam-turbine-driven sets will, how- 
ever, probably be chiefly confined to polyjphase generators, which, 
at a not very low periodicity, will supply power to motor generator 
sets in sub-stations. These motor generator sets should, from the 
standpoint of the best design for their primary member, the 
synchronous or induction motor, be of rather high speed, but for 
the secondary member, the continuous current generator, the 
design will be better the lower the speed, especially if a high 
voltage is required at its commutator. Hence an intermediate 
speed should here be employed. 

It is not generally realised that the high-speed steam engine 
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H generating set is not so very much heavier than the Bteam-tiirbme- ■ 
^m driven set. This may be seen from Fig. 61, where comparative 
H curves are given. Although the use of turbine sets effects a Ba\ing 
H in fioor space and foundations, the capacity of boiler plant and H 
H auxihary steam plant is not reduced below that required for the best 
H piston engine plant, and consequently the total saving in cost of 
H power house and equipment is by no means in proportion to the 
H reduced size of the generating sets. In Fig, 62 are given some 
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rves representing roughly the range of speeds of sets employu 
prime mover the Parsons type of steam tuibine, the Iiigb'Spe 
gine and the low^speed engine. There is also added a cur 
ward which progress in design should gradually bring t 
earn turbine- Even this is rather high for satisfactory polypha 
ternators, and offers still graver difficulties in the design 
ntinuoiis-current dynamos. 

The author is not of opinion that, in large electric generati 
ations, the main generators will, except in rare instances, be of i 
ntinuouB current type. In sub-stations, however, the generate 
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of motor generator sets will, in the majority of cases, be provided 
for the purpose of obtaining a continuous current supply. It is 
important to grasp the significance of this distinction. Electrical 
energy in the alternating current form is most suitable at the main 
generating station, and in the high-tension transmission system ; 
continuous current energy is superior for distribution purposes. 
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Fig. 62. Relation of Rated Speeds and Outputs of Dibect-connected 
Electric Generating Sets. 



This leads to no difficulties whatsoever ; on the contrary, the readi- 
ness with which electrical energy can be transformed from one of 
these forms into the other is one of the chief features which have 
contributed to the rapid developments in electrical engineering. 

One of the chief reasons for the superiority of continuous current 
for distribution relates to the superiority, as regards secondary 
voltage regulation, of motor generators as compared with stationary 
transformers. Other important features relate to the more effective 
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means for speed variation afforded by continuous current motors, 
as well as to their superiority in the matter of starting with heavy 
torque. New developments may, of course, at almost any time 
quite reverse this order of things ; nevertheless, developments of the 
last twenty years have very consistently tended toward these general 
conclusions with regard to the respective fields of usefulness of 
these types of electrical machinery. 



CHAPTER VII 

THE DESIGN OF GENERATING STATIONS 

In the general design of stations containing generating apparatus 
attention should be directed to the attainment of the maximum 
simplicity consistent with economy. The underlying plan should 
be such as to permit of systematic extensions on the lines adopted 
for the first sections constructed. 

A modern building for a generating station, or for a sub-station, 
usually consists of a steel framed structure of sufficient strength to 
support the girder rails for the travelling crane. The walls are either 
filled in with brick, or they are of corrugated iron. In either case, 
in a well-designed building, in order to permit of systematic exten- 
sion, both the boiler house and the engine house should be provided 
with temporary end walls which may be of corrugated iron. 

The main building of an electric generating station comprises a 
boiler house, an engine room, and, in cases where the main switch- 
board is not located in the engine room, a separate switch room. 

Provision is also usually made for coal storage, the capacity of the 
store depending on the facility for obtaining coal. Where the prompt 
delivery of an ample supply can be relied upon, the need for providing 
great storage capacity is decreased. There will, in addition, be a 
number of minor buildings consisting of general stores, repair shops 
and offices. The location of these minor buildings should be such 
as not to interfere with any extension to the main buildings. 

Choice of Site, — For a power or lighting system the site should 
preferably be chosen at the centre of the area of supply. The 
selection of the site may, however, be influenced by several factors, 
among which are the facilities for the supply of coal and water, and 
considerations relating to the price of land and to the rates. It is 
desirable to choose a site near a railway, canal or navigable river, 
as this permits of coal delivery at a minimum cost. A situation 
adjacent to a river or canal is also convenient if the condensing 
water or the feed-water may be drawn therefrom. The facilities for 
condensing water supply may also have some bearing on the choice 
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of sieam generjilinf^ plant, the absence of a cheap and plentiful 
BOpply of water frir condensing pnrposes constituting a factor in 
favour of using piston engines. This matter has been dealt with in 
Cliapter IV. If tlje undertaking is in connection with a refuse 
destructor phmt, the site shouhl not be too far from the area from 
wbicb the refuse is collected, since the cost of cartage is thereby 
reduced. On the other hand, a destructor plant constitutes a 
nuisance, and should be at a considerable distance from thickly 
settled districts. Since, however, it is now amply demonstrated 
that real economy is rarely, if e%'er, secured by the employment of 
refuse as a fuel, tliese considerations have but slight importance for 
electrical engineers. 

The rates and the price of land in a large town rarely vary 
greatly in those districts where an electric generating station is 
likely to be situated. In cases where land is expensive^ it is 
desirable to employ a compact design for the station. High-speed 
generating sets offer, in this respect, considerable advantages over 
slow-speed sets. The saving in floor space effected by steam 
turbines is of importance, although, as we shall see, it has not so 
great an influence on the total space occupied by the whole of the 
plant and buildings as might at first sight be supposed. The shape 
of the site affects the design of the buildings for the main plant. 
Provided the site is of convenient rectangular shape and of ample 
dimensions, the design of the buildings generally follow^s certain 
standard lines. 

General Arranfffment of Statian, — ^Witb a view^ to obtaining a 
maximum of simplicity the plant should be hO laid out as to provide 
the energy with a direct and short path through the station from 
the coal bunkers to the outgoing feeders. For this purpose the 
boiler house is arranged alongside the engine room, the coal is 
delivered to the boilers at the outer side of the boiler house, and 
the switchboard is arranged along the opposite side of the engine 
room. This is a simple arrangement which usually works out 
well. A diagrammatic outline of this arrangement employing 
a single boiler house and engine room is given in Fig. 68. 
The coal is delivered to the boiler house at the left-hand side 
by trucks coming from the point of delivery, whether a railway 
siding or waterway, and running alongside the boiler boose. 
Where hand firing is employed, the coal is usually shot directly 
upon the boiler house floor. Where mechanical stoking is 
employed, the coal is delivered to hoppers in the roof of the boiler 
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house and is fed through chutes directly down upon the grates. 
The coal is usually fed into the hoppers by means of an endless 
conveyor running the whole length of the boiler house. The coal 
conveyor generally comprises an endless belt or chain, the former 
carrying the coal in *a continuous stream and the latter carrying 
buckets containing the coal. In the latter type, the conveyor 
delivers the coal as it travels along above the hoppers by tripping 
the buckets at suitable points. The empty buckets pass along 
the bottom under the floor and may be employed for removing 
the ash. 

A station following these general lines is shown in Figs. 64 and 65. 







C; ' ■ • =^= * » " '-^ 1 ^''^ Lc 



Fig. 63, Section of a Typical Power Station, with Slow- speed 
Vertical Engines. 

In this case there is a double row of boilers and engines. The coal 
hoppers may be seen in the roof of the boiler house. Trucks running 
in the basement below the boiler house floor are employed for 
disposing of the ash and clinkers. The double row of boilers and 
engines make it necessary to employ excessive lengths of steam 
piping, and this would be reduced if two boiler houses, one along 
each side of the engine room, were employed, as could be done by 
duplicating Fig. 63. This arrangement is quite practicable, especially 
when the switchboard, as in Figs. 64 and 65, is arranged at one end of 
the engine room instead of along one side. The disadvantages of 
such an arrangement, however, outweigh this slight gain, since two 
buildings instead of one would be necessary for the boilers. Two 
coal conveyors would also be required and a larger boiler house stafif. 
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Phe two batteries of boilers would also be isolated unless they were 
connected by pipes running across the engine room at either end, or 
running uoder the engine room, Tliis lay-out is, however, useful for 
steam-turbine statioos where a large amount of boiler space, as com- 
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Fig. 67. Cross-section of Chelsea Power Station of the London 
Underground Eailways Co. 

pared with engine room space, is required. The plan is employed 
in the station illustrated in Fig* 79. 

The general lay-out is necessarily affected by the shape of the 
availalde site. The arrangement diagrammaticaliy indicated m 
Fig. 68 18 suitable for a long and narrow site, and that in Fig. 64 
wlien the site is sliorter and wider. An irregularly ahaped site affects 
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the Bystematic arrangement of the i»limt, and not only complicates 
the provisions made for dealing with tiie coal, but also diead van tage- 
ously affects the design of the steam piping. In stations in expensive 
districts in the centres of towns the boilers ha%^e occasionally been 
placed above the enguie room as indicated in Fig, 66, This plan 
requires the provision of a very strong and expensive structure 
in order to stand the weight of the boilers on the upper floor. 

Steam Turbine Stationg.—^lii stations employing rociprocatiiig 
engines, the lioiler and engine houses are much of the same size, as 
will be seen from Figi^. (>3 and 64. Where, however, steam turbines 
are employed, the space required for the engine room is consider- 
ably lese, and consequently the engine room, as compared with the 
boiler house, is rekitively Bmall. For this reason difficulty is 
encountered in arranging suitable accommodation for a sufficient 
number of boilers for the turbines. Hence in steam turbine 
plants considerable departures from the arrangements found in 
piston engine stations are necessary. The two principal departures 
are double-decked boiler houses and the use of a number of short 
boiler liouses arranged at right angles to the engine room. Fig, 67 
shows a steam turbine station with a double decked boiler house, 
and in Figs. 68 and 69 an instance of the second arrangement 
is shown. 

The latter plan leads to what is known as the ** complete unit'* 
system of grouping of plant. A unit in Figs, 68 and 60 consists of 
one generating set with its condenser and its own battery of boilers. 
This principle has l)y some engineers been carried to the extreme 
of making each of the'* units" entirely isolated from the others. 
In this case any one set of boilers may only be run on one 
particular engine. 

It would usually be better practice, so far as relates to flexi- 
bility, to have all tbe boilers piped on to a common steam 
range with isolaling valves between each battery of boilers. Thus 
under ordinary conditions each battery of boilers would supply its 
own engine, but any set of boilers could, when required, be 
run on any engine. Such a plan is practically identical with 
that shown in Fig, 70, which is a plan of tbe Central Electric 
Hujiply Co/s Marylebone station, where the generating apparatus 
consists of high-speed vertical steam engine plant %vith Chmax 
vertical boilers. Tlie boilers are piped m rows at right angles 
to the engine room, and a chimney is provided for each group 
of boilers. 
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Fig, 69. Plan of Thorn Mill ^owesl Statiok of i he Yorksuirk Pow£B 
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Figs. 71 and 72 illustrate a systematic design with Parsons 
mrbines and Lancashire boilers. Since in this case the 
oilers are long and narrow, the turbines may be laid up fairly 
ose together, giving a compact and convenient arrangement. 

The designs now described cover the leading plans for boiler 
ad engine house plant. The arrangement of the auxiliary 
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70. Plan of the Central Electric Supply CJo.'s Marylebone 
Station. 



plant does not greatly affect the general scheme, but is more a 
matter of detail. 

Size of Boiler House and Engine Room. — Some figures relating to 
the size of buildings and the space occupied by various types of 
generating plant will now be given. Table LIV. embodies 
particulars of the engine rooms and generating machinery for 
forty-eight power stations. 
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The data have been grouped with reference to the types of engine 
as follows : — 

(a) Horizontal slow-speed steam engines. 
(h) Vertical slow-speed steam engines. 

(c) Vertical high-speed steam engines. 

(d) Steam turbines of Parsons type. 

(e) Steam turbines of Curtis type. 
(/) Gas engines. 

(g) Hydro-electric installation. 

Some interesting and useful conclusions may be drawn from 
Table LIV. Thus the extent to which the engine room space per 
kilowatt of rated capacity is affected by the type of engine may be 
ascertained. Average values of the total engine room space per 
kilowatt of rated capacity are seen to be as foUow^s : — 



TABLE LV. 
Average Values for Engine Room Space per kw of Plant instnlled. 



TyjM^ of Engine. 


Engine Ami in Sq 
ni per Kw. 


ToUl Engine 
Room Si»ace in 
Sq ra per Kw. 


Space Factor 
in IH.T cent. 


(a) Horizontal Slow Speed . 

(b) Vertical Slow Speed 

(c) Vertical High Speed 

(d) Parsons Turbine . 

(e) Curtis Turbine 
(/) Gas Engine . 
(g) Water Turbine 


0,10 
0,065 
0,050 
. 0,014 
0,014 
0,13 
0,034 


0,30 

0,20 

0,17 

0,06 

0,055 

0,55 

0,07 


33% 

32% 
30% 
23% 
25% 
24% 
50% 



These figures are representative values, although they vary in 
individual cases according to the extent to which space is provided 
around the individual engines. In column 4 the ratio of the space 
covered by the engines to the total engine room area is given. This 
may be designated the " space factor." From these average values 
one is able to determine the preliminary dimensions required for 
the engine room for a given rated capacity and a given type of 
generating set. Similar data for the hoiler plant of several of the 
stations of Table LIV. are given in Table LVI. In column 22 we have 
the hoiler house area per kilowatt of rated capacity of the generators, 
and in column 25 the ratio of boiler house area to the engine room 
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area. It may be noted that the latter ratio increases as the rated 
speed of the generating plant in the engine room increases. Thus, 
for steam turbines, the boiler house occupies about 50 per cent, more 
space than is occupied by the engine room. The boiler house thus 
occupies some 60 per cent, of the total area. For piston engine 
stations the boiler house only occupies some eight-tenths as much 
space as is occupied by the engine room, or only some 46 per cent. 
of the total area. From these figures the preliminary dimensions 
for the boiler house may be determined for a given rated capacity of 
plant. Column 11 shows that the ratio of heating surface to grate 
surface averages about 50. From these data the following values 
may be deduced : — 

TABLE LVTI. 
Average Values for Boiler House Design, 





Average Values. 


(1) Heating surface per ton of steam evaporated 

per hour (normal rated capacity) 

(2) Floor area per sq meter of heating surface . 

(3) Floor area per ton of steam evaporated per 

hour (normal rated capacity) 


60 sq m 
0,075 sq m 

4,5 sq m 



Preliminary Calculations for Generating Station Design, — Before 
proceeding further with the general principles of design of the 
other parts of the station, it is proposed, as an example, to make 
some preliminary calculations for a particular case. For this purpose 
let us take a generating station for an annual output of 270 million 
kw hr at a 50 per cent, load factor. This is the case which has already 
been considered in Chapter II., where it was shown that it was 
necessary to install 8 generating sets, each of 6800 kw rated 
cai)acity, and that the average coal consumption would be 33 tons 
per hour or a total of 290 000 tons per year. 

Let us first consider the engine room. From Table LV. we see 
that the average engine room area required for steam turbine 
generating sets is 0,05 sq m per kw. Thus there are required 
0,05 X 55 000 = 2750 sq m of engine room space. 

Before deciding on the proportions of the engine room, let us 
make a similar estimate for the boiler house. 

The proportions of both engine room and boiler house, if not 



restricted by the 8ha],i€ of the site, will depend only on the grouping ■ 
of the plant. For a single 6800 kw generating set we found in H 
Chapter IIL, p. 60, that 51 tons of steam per hr were required 1 

H whdn operating at rated load. In Table LVII. of this chapter, H 
GO sq m was shown to be an average vahie for the boiler heating ^^H 
surface per ton of steam per hour. Hence for the 6800 kw set, ^^M 

m 51 X 60 — 3060 sq m of boiler heating surface are required. B 
Taking a large standard boiler of 750 sq m heating surface, it is V 
seen that four boilers are required for each generating set. For the ^^B 
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cent, to 60 per cent. Taking for our case a value of 55 per cent., 
8300 sq m of boiler house floor area are found to be required. 

QQAA 

The ratio of boiler house area to engine room area is 0790 ~ ^>^' 

Let us next consider the dimensions of the buildings. Three good 
alternatives which may be employed for a plant of this nature are 
the types outlined in Figs. 64, 67 and 68. In the case of Fig. 64 
the double row of piston engines should be replaced by a single row 
of horizontal steam turbines. 
We first require to know the dimensions of the 6800 kw turbine set. 
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Fig. 74. Floor Space occupied by Parsons Turbo-generating Sets. 

Fig. 73 shows the overall length of Parsons turbo-generating 
sets. For a 6800 kw set, the overall length is about 16 m. The 
area occupied is found from Fig. 74 to be about 60 sq m, giving an 
overall width of about 4 m. 

Alternative Arrangements of Generating Plant. — Each of the 
alternative arrangements comprises a double set of boilers. Thus 
the problem resolves itself into accommodating 4 units, each 
consisting of 8 boilers and 2 turbo-generators. 

Figs. 75 and 76 are on the lines of Fig. 64 
Fig. 77 is „ „ „ 68 

and „ 78 „ ,, „ „ 67. 

Two other interesting designs for very large electricity stations 



188 



HEAVY ELECTRICAL ENGINEERING 



are shown in Figs. 79 and 80. Of these the arrangement in 
Fig. 77 is selected as being very suitable, since it provides the 
most direct path for the flow of energy through the station. 
~ If the coal is delivered at the upper side of the boiler house and 
the switchboard is located along thelower side of the engine room, 
we have a straight path from the coal to the outgoing feeders from 
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Figs. 75 — 78. Alternative Arrangements of Boilers and 
Turbo-generating Sets 

the switchboard. The outline of the engine room and boiler house 
is indicated in Fig. 81. 

The next matter for consideration is that of the flues and the 
chimneys. The most symmetrical arrangement for the case under 
consideration is that indicated in Fig. 81. Let us consider more in 
detail the general proportioning of chimneys and the related question 
of economiser proportions and of suitable i)rovisions for coal storage. 
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In Table LVIIL we have brought together data of the coal storage 
for the generating stations in Tables LIV. and LVI. The period for 
which the store suffices varies from one to three weeks. With a 
large station burning a large amount of coal per day, the space 
required for storing coal for a period of over a week becomes a 
serious consideration. 

In estimating the provision for storage the average coal consump- 
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81. Preliminaby Outline of Gener^vl Arrangement of 270 Million 
Kw HR PER Annum Generating Station. 



tion should be used and allowance should be made for suflBcient 
capacity for a couple of weeks' coal consumption. Another method 
of making a preliminary estimate is from the basis of the tons 
storage capacity per kilowatt of rated output of station plant. This 
figure has been included in Table LVIII. for the plants considered, 
and averages 0,2 ton. 

For the 270 million kw hr per annum plant which we have been 
considering, the coal consumption amounts to 800 tons per day. 
Storage for one week would require a capacity of 5600 tons, or 0,1 ton 
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per rated kw installed. One ton of coal, allowing for the space 
between the lumps, occupies about 1,2 cu m. Thus the cubical 
capacity of the coal store will be 1,2 x 5600 = 6700 cu m. The coal 
store should be placed at that end of the boiler house at which 
the coal is delivered, so that the coal may be fed directly into the 
conveyor which takes it up to the hoppers above the boilers. 

Chimneys. — Let us now briefly consider the means for bringing 
to the grate the requisite supply of air, and of propelling the furnace 
gases over the surfaces to be heated, and of ultimately removing the 
waste products. Notwithstandiiig the advantages of induced and 
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Fig. 82. Curves showing the DRAuonr obtained from various Chimneys 
WHEN THE Temperature and the Height of the Shaft are Varied. 

forced draught systems, the general preference is still for natural 
draught in spite of the considerable cost of chimneys. 

With a view to the more effective removal of the gases, chimneys 
are often built much higher, and consequently on more expensive 
lines, than are required for the provision of the necessary draught. 
A height of 150 m is, however, rarely exceeded. 

In Table LIX. are given particulars of the chimneys of a 
number of electric generating stations. There is excellent agree- 
ment with respect to the weight of furnace gases carried away per 
Lwur per square decimeter of sectional area of chimney. 

The draught produced by a chimney, and the volume of gas flowing 
through it per hour per unit of sectional area, depend upon the 
difference in the absolute temperature between the gases inside the 
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chimney, and tlie air outside. For chimneys of from 20 to 120 m 
in height, the values are worked out in the curves of Fig. 82. 

For the plants studied in Table LIX. the precise conditions as 
regards temperatures have not been analysed. The temperature of 
the gases on entering the chimney has been assumed as 175° C in 
all these cases. At this temperature, a ton of the furnace gases 



TABLE LX. 
Relati(yii between JFeiyht and Volume of Air at different Temperatures. 



Temperature. 










Relative Volume. 


Weight Kg per 
CuM. 


Volume Cu M 
per Ton. 






Centigrade. 


AlMoliite. 








—10 


263 


0,96 


1,36 


735 





273 


1,0 


1.3 


770 


10 


283 


1,04 


1,25 


800 


20 


293 


1,07 


1,2 


825 


30 


303 


1,11 


1,17 


855 


40 


313 


1,15 


1,13 


885 


50 


323 


1,18 


1,1 


910 


60 


333 


1,22 


1,07 


940 


80 


353 


1,29 


1,01 


990 


100 


303 


1,37 


0,95 


1060 


120 


393 


1,44 


0,91 


1110 


140 


413 


1,51 


0,86 


1160 


160 


433 


1,59 


0,82 


1230 


180 


453 


1,66 


0,78 


1280 


200 


473 


1,73 


0,75 


1330 


250 


523 


1,92 


0,61 


1480 


300 


573 


2,1 


0,62 


1620 


350 


623 


2,28 


0,57 


1750 


400 


673 


2,47 


0,53 


1900 


450 


723 


2,65 


0,49 


2040 


500 


773 


2,83 


0,46 


2180 



occupies a volume of 1260 cu m, as against a volume of 850 cu m at 
25° C, the ordinary temperature of the atmosphere. These values 
are taken from Table LX. Thus a cubic meter of furnace gas in 
the two cases weighs : 

At 25 degs. Cent. . . 1,18 kg. 

,, liu ,,,,.. Vftu ,, 

For every meter height of chimney, there is a difference of pressure 
of 1,18 — 0,79 = 0,39 kg per sq m, or 0,039 g per sq cm. 

H.B.E. L 
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A chimney with a height of 100 ni thus produces a draught equal to] 
3,9 g per sq cm. 
Since 1 sq cm of water weighs one gram, this lOOmeter chimney 
produces a draught equal to the pressure of a column of water of a 
height of J^,9 cm i.e., the draught in cm height of water column is 
equal to 3,1). 

For other temperatures of the furnace gases when entering the 
chimney, the Buitahle values of the density of these gases may be 
taken from Table LX. 

For coal of a calorific value of 8700 Inv hr per ion, 20 tons of air 
should he supplied per ton of coal burned ; r.f., 1 ton of air should 

be supplied for every 



20 
Allowin|T for 



= 435 kw hr of calorific value of the 



coal burned. Allowing for loss in ashes and in radiation from 
furnace, we may say that the calorific value of one ton of ^ 
furnace gan at 1300^ C is about 400 kw hr, or, say, about 0,31 kw hr ■ 
per deg. Cent. Thus for a generating station with 10 per cent, 
overall eflieiency, 1 ton of air should be supplied for every 43,5 
kw hr output from the station, 

The theoretical quantity is only 12 tons of air per ton of coal, 
but in practice the weight of air in seldom reduced below IG tons 
per ton of coal buraed> when this coal has a calorific value of 
8700 kw hr per ton j 20 tons uf air per ton of coal bur tied is a 
good representative figure. 

It is desirable to proportion the chimney with sufficient draught to 
permit of operating the boilers for a short time at 50 per cent* or 
more above their rated capacity. 

For the 270 miilion kw hr station regarding which we have 
calcuhited the boiler plant, eight chimneys should be installed ; 
each serving four of the thirty- two boilers. Each of these boilers 
is rated at 9600 kw, or 

4 X 9600 = 38 400 kw 
for the four boilers served by one chimney. At a 50 per cent. 
overload, we have 

1,5 X 38 400 ^ 57 GOO kw 

If we take a boiler eflieiency of 70 per cent, at this overload, 
must burn coal at the rate of 
57 *)00 



I 
I 



or 



u 



0,70 

82000 
8700 



= 82 000 kw 



= 9,4 tone per hr. 
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Thus we should require 20 x 9,4 = 190 tons of air per hr. It is not 

desirable to estimate on transmitting more than 14 tons of furnace 

gases per sq m per hr, at the maximum overload. Hence we 

190 
require -jj = 18,6 sq m section per chimney, or a diameter of 4,2 m 

per chimney, or say 4,5 m. 

Estimating on a temperature of 175° for the gases entering the 

chimney, we have a volume of 1260 cu m per ton. The gas must 

be transmitted at the rate of 

190 

— — = 0,058 ton per sec, or 

0,058 X 1260 = 67 cu m per sec. 
As the section is 18,6 sq m the velocity must be 

--TT-^ = 4,9 m per sec. 
lo,o 

Let the chimney have a height of 100 m. We have seen that 

the " draught " in a 100-m chimney amounts to 8,9 g per sq cm. 

The total pressure is thus 

lM_X_10^J^ = 530kg8. 

Thus work is being done at the rate of 

530 X 4,9 = 2600 kg m per sec. 
1 kg m per sec = 9,81 w. 
Work is, consequently, being done at the rate of 
9^8LX 2600 _ 

1000 - ^^ ^^' 
This is of some interest in getting an idea of the general order of 
magnitude of the power which would be required in driving fans 
where induced or forced draught systems are employed. A large 
multiplier should be employed in connection with the above figure, 
and this should vary with the varying conditions of each case. 

This 26 kw is almost entirely required to overcome the friction of 
the air through the grate and the fuel, then on amongst the boiler 
tubes, superheater tubes, and economiser tubes, and afterwards 
through the chimney. 

Forced draught systems have the disadvantage of increasing 
leakage of the air and gases. Induced draught systems avoid this 
objection, but have the disadvantage that the fan works in a 
medium of such high temperature and composition as to be subject 
to rapid deterioration. 

Economisers. — If, after passing through the boiler, the gases are 

L 2 



14S 



HEAVY ELECTRICAL ENGINEEBTNO 



carried tliroiigli an economiser, the temperature of the gases will be 
lowered by an aiiioiint proportional to the extent of economiser 
tube surface insialled. The gases may thereby be reduced to so 
low a temperature that it would not be practicable to obtain the 
necessary draught entirely by a chimney, and the chimney must be 
supplemented by an induced draught installation* When the 
temperature of the gases on emerging from the economiser to pass 
to the chimney is much less than 150'' Cent, it 18 generally 
impracticable to obtain the required draught by the chimney alone. 
Thus there arise a number of conllicthig considerations with 
regard to the extent of economiser surface which can be economically 
installed, and even whether it should not be altogether dispensed 



TABLE LXL 
Data of Mconmnuertf, 



Ha 


Niine. 


c o 
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h 

HI 

& 

10,0 
13,0 
23.«J 


1 
1 

20 
16 

8 
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|l 

a" 
^1 






Ckinlrnl rjonUon Railway 
LiverfrtK>l Soiilljfwrt Hail way 
iMel, [)hi. Rill 1 way, Ntasfliiyii 
Clyde Valley, Yoker , . 


2 

2 
1 
3 


1700 


iri70 

1350 
20«.>0 


160 
KM 

73 


6610 

4210 
5700 


4,3 

2,S 
2,8'. 




with. The use of considerable economiser surface involves not only 
the outlay to cover its own cost, but may also involve further outlay 
for an artificial draught installation. In general it may be said that 
economisers and artificial draught should only he installed whore the 
price of fuel is very high. Of course the most economical propor- 
tion is obtained when the sum of the operating coats and the capital 
costs is a minimum. 

Space occupied htf Econonmcrs. — In determining the space which 
should lie allowed for the economiser in laying out tlie general 
design it is desirable to have an idea of the relation between the 
heating surface and the floor area occupied b}^ the economiser. 

Published data as to precise details of economiser plant is scarce, 
but Table LXL gives data for the economisers of (our typical 
generating stations. 

From these we may take an average value of the ratio o( beating 
smiace to Hour area as 15* 
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For purposes of obtaining a rough idea of the space to be allowed 
for the economisers with a view to completing the preliminary 
lay-out drawing of Fig. 81 we may take the total economiser heating 
surface as one-third of the total boiler heating surface. 

For the 270 million kw hr plant considered, we have 8800 sq m of 
boiler heating surface for each group of 4 boilers, and we shall 
allow 1000 sq m of economiser surface for each group. We have 
8 chimneys, and shall thus have one economiser in the flue leading 
to each chimney. 

The floor area required per economiser is -^j-=- = 66 sq m. The 

lo 

maximum width which we can allow for the economiser is 

ascertained from the drawing in Fig. 81 to be 6 m. 

Hence the length of the area occupied is -^ = 11 m. These areas 

are indicated in the flues in Fig. 81, and beyond them are the 
chimneys of 4,5 m diameter. 

Steam Piping. — For the main steam range, practice tends towards 
a straight main to which all the boilers are piped and from which 
the engines may be supplied. Where there is a large number of 
boilers, as in the case we are considering, they may be split 
up into several batteries, each with its own main. The main range 
is subdivided into sections for each group of boilers, with valves 
which enable any group to be cut out from the steam supply. 

When the plant is laid out on the *' unit ** system (as in Fig. 81 
for the case we are considering) some engineers have gone so far 
as to isolate each of the groups of boilers, so that it can only feed 
one generating set. This plan has the disadvantage that should one 
of the engine sets break down its set of boilers is rendered idle. 

Let us first briefly outline the general scheme of piping and 
afterwards go further into the detail arrangements. 

Fig. 83 is a skeleton drawing which shows the piping necessary for 
one unit of the plant. This diagram is arranged on similar lines to 
those customary in a diagram of electrical connections. There are 
two main circuits, the steam circuit and the condensing water circuit. 

Main Steam Circuit. — In the main steam circuit the steam is 
raised in the boilers and passes on to the engines. After doing its 
work in the engines the exhaust steam goes to the atmosphere if 
non-condensing, and otherwise to the condenser. When exhausting 
to the atmosphere the exhaust steam is often taken up tiie chimney 
shaft. In the condenser the steam is condensed and passed on to 
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the Iiot well ; from the hot well it is pumped back as feed water" 
into Lhe boilers, thus completing tlie circuit On its way from the 
hot well to the boiler the feed water passes tlu'ough the ecouomiser 
situated in the main flue before the chimney. The economiser 
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Itve Steam . 
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Condensing W^ter _ ^ j 
feMd „ „ 




Pig. 83. CojrwEOTioir Uiaoram fou Steam Plant showing Steam and 

Watkii Cmcuixa* 

may be short circuited when required to be shut down. To make 
up the deticit in feed water caused by leakage of the 8team at pipe 
joints and other points, the hot well is provided, aa shown, with a 
delivery of extra feed water <hTLwri from the source of Bupply of feed 
water. Tiiis may be a river, a canab a well or the town mains. 




THE DESIGN OF GENERATING STATIONS 161 

Condensing Water Circiiit. — In the diagram, two parallel circuits 
are shown for the condensing water. The first shows the cooling 
water drawn from the canal or river by the circulating pump and 
returned thereto after passing through the condenser where it 
condenses the steam. As an alternative to this, the same water 
may be used repeatedly by cooling it after leaving the condenser, 
in cooling towers or in a cooling pond. 

The diagram Fig. 83 illustrates all the piping necessary for a 
condensing station with economisers. In the design of the piping 
system the principal problem is to reduce the lengths of all piping, 
and the complication, to a minimum. The chief factor in this is the 
arrangement of the various pieces of apparatus relative to one another. 

Thus the engines are placed as near to the boilers as possible 
and the condensers near the engines. In the case Qf small plants, 
a central condensing plant is used and is best, but with large plants 
with units each of several thousands of kilowatts rating, the practice 
is to provide each engine set with its own condenser. In this case 
the condenser is located either beside the engine or below the 
engine on a lower floor. 

In Fig. 81 the principal piping connections for the 270 million 
kw hr per annum station have been drawn out. The scheme follows 
that of Fig. 83, but the apparatus is grouped in the way in which 
it is actually laid out. 

Details of Piping, — In laying out the piping system, apart from 
the main scheme, care should be given to several details, among 
which are drainage, expansion and vibration. Nowadays the main 
steam piping system is not duplicated, but it is more usual to dupli- 
cate the feed water piping system in view of facility for overhaul. 
Drainage is important in exhaust pipes when running non-condens- 
ing, as water may drain back in to the engines from the exhaust. For 
draining the live steam system the main range should be situated 
below the level of tlie boiler stop valves as in Fig. 84, so that any 
water which collects drains away from the boilers and may be drawn 
off at a few well-marked points. 

Against expansion, large bends are provided, and these should be 
more numerous the greater the lengths of steam piping.^ 

^ R. McGregor, in a series of articles entitled ** Steam and Exhaust Pipes" 
(Electrical Times, 1907, pp. 284 — 886), gives a number of types of expansion bend 
and many other details. Electrical Enyineering for Deceml^r 19, 1907, contains, 
at p. 973, an excellent article entitled •* Steam Pipe Systems for* G^enerating 
Stations," by J. n. KiJer, M.Inst.C.E, 
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The velocity of steam in nteum pipes varies between 1(> and ' 
84 m per sec, the higher valuer obtaining with superheated 
steam. Still higher values may be used if the engines are far from 
the boilers, in order to economise on initial outlay for pipework. 

For the station we have been designing, the maximum steam 
consumption amounts to 408 tons per hr for the maximum load 
of 54 400 kw\ The volume of steam taken from the Imilers per hr is 
60 000 cu m taking steam at a specifjc gravity of 6,H, or 167 cu m 
per sec. Taking a steam velocity of 25 m per sec we require 
a cross-Hection of G7 sq dm to carry all the steam. "Were we to 
allow a main steam range sufficient to carry this entire quatrtity of 




Scesm 
Raftgc 



Fig. 84. SiiowrNQ Correct Looatioic of Main Rakok* 

steam, tlie diameter would lio 9*2^ cms. The main range is, however, 
never called upon to carry the total amount of steam owing to the 
grouping of the boilers shown in Fig. 81. 

The branch pipes from the boilers require sufficient section to 
carry the steam generated by each boiler. Each boiler supplies a 
nuiximum of 12,5 tons of steam per hr, and the section required 
is thus 210 sq cm, or a diameter of 16,4 cms. 

Tlie branch pipes to each of the engines have to deal with 
51 tons per hr, and require to be of 840 sq cms area or 3*2,8 cms 
diameter. The principal piping is shown in Fig. 81, The circuits 
are similar to the skeleton diagram of Fig. 83. 

Fig, 85^ shows a typical arrangement of steam piping. 

Exciters, — It is distinctly preferable to have separate exciter sets 

m), wo 



g©t 
M 



* On the basifl of 0,2 sfj dm per ton of steam por lir (see Chap. III. p. 68] 
jt 4U8 X 0»2 = 82 sq dm» or a pipe of 102 cm diameter, 

-* E<'pni(lijc(*d hy )»f?nTUHbi(>n from the Elntriml TimtSj p. T*33| voL 31 
IcUrogor, " J^teum and I'jxhaiist Pij>oa''). 
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rather than to employ exciters directly connected to the main 
generator shafts, Separate exciter systems have several advantages 
over direct-connected exciters. They peniiit of greater flexibility, as 
any one exciter is not confined to use with one particular generator. 
A hreakdown in a direct-coupled exciter puts the maia set out of 
operation. Separate exciters permit of better voltage regulation » 
since vpith a direct connected exciter any drop in speed in the 
engine drops the voltage of the exciter and the alternator excitation. 
The drop in voltage in the alternator is thus cumulative by reason 
of the drop in speed and the drop in excitation. This consideration 
is not of such moment with turbine generators as the speed regula- 
tion is very close. Vertical high-speed engines direet^coupled to 
continuous current generators are the standard type of exciter. 



p 



TABLE LXII. 
Exciiatuni Power required for Alknudors. 





Power requirt'tl for Ex< itatlon at Full Ijoo^. 




HiKh Spe«^d. 


SJow Speed, 
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1\¥, 


= 1. 


P.P» = 0.8. 


RF. « 1. 


P.F. 


= 0,8. 


Kw, 


Per eoiit. 


Kw. 


Pot cent 


Kw. 


Fnrcent. ! 


Kw. 


Per cent. 


600 


2 


0,4 


8 


0,6 


5 


1,0 


7 


1,4 


1000 


5 


0,5 


7 


OJ 


7 


0,7 


10 


1,0 


2000 


9 


0,45 


18 


0,65 


11 


0.55 


15 


0,75 


4000 


m 


0,83 


18 


0,45 


le 


0,4 


22 


0,55 


8000 


16 


0,2 


22 


0,28 











Data for the space occupied by such plant will l>e found in 
Table LIV., from which we may derive the average value of 0,1 
sq m per kw for the actual space occupied l)y the sets. 

From this tablo we may also obtain the average proportion of 
the total engine room space allowed for the exciters. This averages 
7,5 per cent, of the total engine room area. In the 270 million 
kw hr plant the engine room area is 1800 sq m, and we have allowed 
144 sq m for the exciter space. In Fig. 81 we have extended the 
eu«:uine room on one long side to allow for the switchboard and 
exciters. The switchboard thus i)Iaced allows of the simplest and 
shortest path for tlie cables for the main generators and for the 
exciters. In estimating the capacity of the exciter plant we must 
install suflicient plant to supply power to as many of the main 
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generators as are required to deal with the maximum toad, and an 
allowance for stand-by. 

In Table LXIL are given the average values of the excitation 
power required for polyphase slow-speed and turbo-alternators from 
500 to 8000 kw rated output. 

For our 6800 kw unit the maximum excitation at 0,8 p f and full 
load will be about 20 kw. 

The maximum load on the station amounts to 54 000 kw for the 
8 main generators. The total exciting power is thus 160 kw. 

Allowing 50 per cent, stand-by, we should install exciters amounting 
to 240 kw. These will best be arranged as 4 sets placed as shown 
in Fig. 81. 

Auxiliary Plant. — When estimating the exciter continuous current 



TABLE LXIII. 




Costs of Generating Stations. 




£ per kw. 


Buildings and chimneys . 


1,5 to 2 


Coal handling plant .... 


1,5 


Boilers 


lto3 


Superheaters 


0,25 


Economisers 


0,5 


Steam piping and valves . 


0,5 


Reciprocating engines and generators 


6 to 10 


Turbo-generators .... 


3to6 


Condensers 


0,5 


Switcbgear 


0,2 



plant, there arises the question of the driving of the auxiliary station 
apparatus and the station lighting. If the auxiliaries are to be 
driven by continuous current motors suflBcient continuous current 
plant must be installed to deal with this load and that due to the 
main excitation. Eunning the auxiliaries by continuous current 
from separate sets renders them quite independent of the main 
generator sets. If the auxiliaries are driven with alternating 
current from the main generators, a complete breakdown in the 
latter, if few in number, will shut down all the auxiliaries, including 
the boiler feed pumps, if so driven. 

The driving of the auxiliaries is in this case dependent on the 
running of two sets of machines — the exciters and the main 
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generators, while if run from the exciter sets only, the risk of 
breakdown is halved. In this connection, steam-driven accessories 
have the advantage that they are only dependent on the boilers for 
operation, and are independent of faults which may occur in the 
steam piping, engines, generators, exciters, or switchboards. 

Costs. — In Table LXIII. are given the average costs per kw for 
the various components of a large generating station for an annual 
output of over 100 million kw hr per year. 

The complete cost of a station well designed on modern lines 
for an output of over 100 million kw hr per year need not exceed 
£10 per kw. 



CHAPTER VIII ^ 
Section 1. — High-tension Power Transmission Lines 

Up to the outgoing mains from the generating stations neither 
the capital costs nor the generating costs are appreciably different 
whether the electrical energy is supplied in the form of continuous 
current or of polyphase alternating current, nor \Yill the voltage of 
the supply affect the result to any considerable extent. The cost of 
the transmission system, however, is a function of the form of 
electrical energy, and of the voltage at which it is supplied. To 
transmit a given amount of power (at a given voltage between con- 
ductors and at a given loss in transmission) the three-phase system 
requires the least section of copper, and will consequently be the 
most economical system. 

The copper conductors may be supported overhead on poles or 
towers, in which case they are usually left bare ; or they may be 
insulated and laid underground, in which case three-core lead covered 
cable is used. 

In this chapter we shall estimate the complete costs of overhead 
and underground transmission lines for various amounts of power 
transmitted and for various voltages between conductors. Then, 
from the results obtained in these particular cases, we shall, by 
curve plotting processes, deduce certain general conclusions as to 
the cost of any transmission line. In order to make these results 
quite general we shall express the costs as a function of the section 
of the conductor. 

For both overhead and underground transmission at a given 
pressure, the cost per kilometer per kilowatt transmitted decreases 
with increasing amounts of power transmitted per line, so that it 
is cheaper to transmit over one heavy line than over several small 
lines. This is, however, rarely a practical plan, and in the interests 
of a reliable and continuous supply, the line must be split up into 
two or more circuits operating in parallel. In the event of one 
circuit breaking down, the whole load, or nearly the whole load, can 
be supplied by overloading the other circuit or circuits. 

* Since writing this chapter the prices of copper and aluminium have under- 
gone such great changes that the reader must modify the results in the 
chapter to accord with the latest market prices of these metals. 
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There is alea a limit to the section of copper that can be 
conveniently handled. This Hiuit may he taken as about MO sq mm 
per core for a three-core cable, and 200 sq mm for an overhead cou- 
diictor. Of course, there may at any lime occur developments leading 
to thesucceBBful use of larger conductors, both overhead and under- 
ground» but at present the above values constitute reasonable hmits. 

From tlie curves deduced in the following investigation, the 
increase in the cost of the transmission line, due to this dividing up 
of the line, may readily be obtained. 

ViAiagv of Trammhsion, — Given a certain amount of power to bo 
transmitted to a certain distance, we must first decide on the voltage 
of transmission. With regard to underground transmission by 
cables, it will be seen from the curves in Fig. 100 (p. IDl) (which 
have been derived by the methods set forth in this chapter), that 
for any set of conditions there is a most economical voltage at 
whicli the cost of the cable will be a minimucu. 

With overhead traosmission, as will be seen from Fig. 92^ this is 
not the case ; the cost continues to decrease with increasing voltage, 
and J so far as the transmission line is concerned, it is an advantage 
to employ tbe highest practicable voUage, though the decrease in 
cost witii increasing volta^^e is very slight after a pressure of 60 000 
volts is reached. At bigher voltages, however, the loss by brush 
discharge will bo very eonsiderabte, unless conductors of large 
diameter are uscjd and are placed at a eonsiderabte distance from 
one another. There is insulKcient actual working experience with 
pressures greater than 70 000 volts to Justify definite statements 
regarding the practicability of such pressures. 

For short lines the most economical voltage will in botli eases be 
15 000 volts or lower, as with this or any lower pressure it wuU be 
m)neces9ary to use step-up transformers, and the electrical energy 
will be generated at this voltage. For long lines, however, the 
transmission voltage will range from 15 000 to 40 000 volts for a 
cable line, and from 2OO0O to 80 000 volts for an overhead line, and 
in these cases step- up transformers are employed. With due regard 
to the above considerations and to Kelvin's Law/ which, applied to 
the present question, is to the effect that maximum economy is 
obtained when tbe annual cost at the generating station of the 
power wasted in transuiiBsion is equal to the interest, depreciation 
and maintenance of the transmission line, we can decide on the 

' Set? p. 199 and Fig, 1(>3a, 
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most economical voltage and section of copper conductor for any 
given scheme. 

Frequency. — The next point to decide is the frequency of the 
alternating current. 

Generally a very low frequency is desirable for transmitting any 
considerable amount of power over long distances. In so far as the 
transmission line is concerned, the lower the frequency the better, 
since the inductive drop on load and the capacity or charging current 
at no load are both directly proportional to the frequency. However, 
when synchronous motors form part of the load, the inductive drop 
on load, and also the capacity current on light load, can be neutrahsed. 
Synchronous motors are occasionally installed solely for that purpose. 
It is possible in this manner to bring the Power Factor up to unity 
and thus improve the regulation and efficiency of the line. As a 
matter of fact, however, this plan is rarely adopted. 

The above considerations hold for both overhead and underground 
transmission. We will now proceed to treat each of the two cases 
separately, starting with overhead transmission. 

Section 2. — Overhead Lines. 

The cheapest method of transmission, when conditions penuit of 
its use, is generally that in which uninsulated conductors are sup- 
ported overhead. An overhead line is invariably used in cases of 
transmission over long distances through wild or sparsely populated 
districts. With a suitable line construction this method may also 
be employed with success in populated districts. 

The line construction may consist either of wooden poles spaced 
20 to 50 m apart, i.e., 50 to 20 poles per km, or of steel poles with 
which the span may be from 40 to 100 m. Wooden poles are usually 
of cedar or of pine impregnated with a suitable preservative, and they 
cost from M2 to J£4 each. Steel poles are more durable and are fire- 
proof. They cost from £6 to ilO per pole. According to Kolkin ^ 
such a line may prove cheaper than a wooden pole line, as the cost of 
maintenance is so much less in the former case. For transmitting 
large amounts of power at high pressures, the steel tower construction 
is coming into general use, and will certainly be most generally 
employed in future transmission lines. We shall consequently 
assume a steel tower construction in the following investigation. 

With steel towers the standard span may be anything between 

» See Etecirical Rtview, Dec. 28th, 1906. 
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100 and 200 m, and in extreme cases, as i^^ben crossing a 
may ha as much as 400 or 500 m. A steel tower construction' 
readily admits of structures uf a size and strength impractieahle 
Kith wood, and has also the advantage of being fireproof and morfl 
dural)le. 

Steel towers for normal spans of about 150 m cost from £V2 
£40 each. All the above costs are exclusive of the cost of pins 
insulators and erection. Table LXIV, gives the average costs^fj 
spans and number of polos per km for the different constructions* 

TABLE LXIV. 
Cost* of Poles and Towers. 



Tnw of OuTistructioiu 


Avcrajff? Cos I nttme 

Pole i»i 'ViiWvr 

eichwivn uf Vim 

atid Iiiiiialalnrs. 


in Utusn. 


ContMumMng 
TowDrt |i«r Km, 


Cont )mr 
Kilorantw. 


Wooden pole hne 
Steel pole line . 
Steel tower line , 


£3 

£8 
£25 


33 

70 
140 


30 

14 


£90 
£112 

£175 



I 



The size, weight and cost of pole or tow^er will depend upon the 
pull exerted by the conductors, the distance they are to be placed] 
apart, and tlm span from pole to pole. Let us first consider the 
conductor. 

The CondiU'toi\^CoppeYf aluminium or steel may each, under 
certain circumstances, be appropriately employed for the conductor. 
In most cases only copper and aluminium need be considered, but in 
extreme cases of very long spans and low frequency a steel conductor^ 
may be suitable. Having estimated the suitjible section of conductor ^ 
with reference only to the olimic loss, it is necessary to see that this 
section shall give the retpiired mechanical strength, and a radius of 
curvature large enough to prevent appreciable loss by brush discharge. 

The stress in the suspended conductor is due to the weight of the 
conductor itself and to the wind pressure. The effect of snow or ice 
on the conductor need nut be considered in this country, and even 
in most severe climates it is found that this extra load is only 
very remotely liable to occur at the same time as the maximum 
wind pressure. 

No copper conductor with a section of less than 25 eq mm shouli 
be used, and no aluminium conductor of less than 50 sq mm. In all 
cases it is preferable to use a stranded conductor rather than a soli 
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conductor, since a stranded conductor is more elastic and flexible. 
Let us take the value of 10 kg per sq mm as the maximum permissible 
tensile stress in the conductor, this occurring when the lowest tem- 
perature (taken as — 25® C) and the maximum wind pressure (125 kg 
per sq m) occur together. This will give a good factor of safety under 
normal conditions, as these two extremes will rarely occur together, 
and a stress of 10 kg per sq mm is rather lower than one-half of 
the elastic limit and one-fourth of the breaking stress for good 
hard-drawn copper wire.^ 

This is a very conservative value for the maximum permissible 
stress. In America twice this value is often allowed, i.e., about 
20 kg per sq mm. The efifect on the following calculations, of 
taking 20 instead of 10 kg per sq mm would be to halve the sag of 
the wires and thus reduce the necessary height of tower ; but the pull 
of the wires at the top of the tower would be doubled, and the cost 
of the tower would generally be at least as great, if not greater. 

Aluminium does not compare favourably with copper as regards 
most mechanical properties. It has less than one-half of the tensile 
strength of copper. It corrodes just as easily as copper, and is even 
more affected by salt sea fogs. For a given current-carrying 
capacity, the section of aluminium will be nearly 1,65 times the 
section of copper. As a consequence, the radius of curvature will 
be larger, which is an advantage at high voltages, since the tendency 
to brush discharge is less, the greater the radius of curvature. 

For the following investigation, let us consider copper conductors 
having the sections shown in Table LXV. 



TABLE LXV. 
Data comtituting Basis of Transmission Line Investigation. 



Three-phase Duplicate Circuit Transmission Line. Three Ck)nductor8 per Circuit. Six 


Conductors per Tower. 




Volts between Conductors. 


Real Cross-section per Conductor in Sq Mm. 


10 000 


25 ; 50 


100 


150 


200 


20 000 


25 ; 50 


100 


150 


200 


40 000 


- ' 50 


100 


150 





60 000 


— 


50 


100 


150 





80 000 


— 


50 


100 


150 






1 See also the recommendations of the ** Sicherheits-Kommission '* of the 
**Verband Deutsche! Elektrotechniker,*' EUktrotechnische Zeiischri/tt p. 645, 
May 23, 1907. 

H.E.E. M 
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It is not considered safe to use a copper conductor of less than 
25 Bq mm section on a span of 143 mm, and 20O sq mm is the _ 
largest section that can be convenientlj^ handled. At 40 000 volts, ■ 
a 25 sq mm conductor, owing to its small diameter, occasions too 
great a leakage by brush discharge, and such a large amount of 
power as could be transmitted through a 200 sq mm conductor at fl 



40 000 volts would not be transmitted through one circuit 

Consequently at 40 000, 60 000, and 80 000 volts examples are 

TABLE LXVL 
Temjitrature Rm of Bnghi dapper and Ahtmininm Co7iilnct4)T8 in SHU AiratW C- 





II 


"is 

if 

^1 


Copper. 


AiiuDLmlam. 


Degteefl Cfliitlgr»d© Blw, 


P^g 


rtfCA Ceiitignvli} Rial*, 














PUJIIDff 












Fusing 




c» 


5 


10 


20 


40 


BO 


Polt.t 


5 


10 


20 


40 


80 


Point 






o< 


2,6 










VK*4 












ti55 


& 


2 


3.14 


4,§ 


M 


0.5 


ia,4 


71,7 


K9 


S,0 


64 


7.2 


10.0 


6$,0 


1 


4 


viA 


l.« 


2,S 


3,8 


6,6 


Btl 


60,« 


l,Sft 


2,1 


2,S5 


4,2 


6,0 


88.0 


6 


28,» 


1,41 


8.2 


11,0 


4,4 


11,2 


41, fi 


1,(XS 


1,6 


2.3 


3,3 


4,6 


81.0 




8 


f.0,3 


1,27 


1.8 


2,6 


a,6 


4.9 


iUi.O 


0.fi5 


1,3a 


1,ST 


2.7 


3.7 


27.0 


10 


7*1,7 


l,i>S 


\M 


a,2 


8,0 


4/i 


S2,2 


0,«^> 


1,14 


l.^K) 


2,2 


8,1 


24/1 


n 


iia.2 


0,&5 


l,:i2 


1,87 


2J 


a,7 


2n,4 


0,70 


1,0 


1,30 


1,96 


2,7 


22.0 


1=^ 


14 


IM.rj 


o,afl 


J, 21) 


1,*W 


2.4 


3,3 


27,0 


o,(i5 


o,s» 


1,27 


1,75 


a.4 


80,0 


i^ 


16 


yui,o 


0,78 


1,10 


1,&4 


2,1 


8,1 


25,6 


0.5S 


0,^2 


l.H 


1,54 


2,3 


10.0 


18 


^w,o 


0,71 


1,0 


1,41 


2,0 


2,8 


24.0 


0,5B 


0,71 


1.06 


U\Q 


2,1 


19,0 




20 


3H,0 


v.iw 


0,P3 


1,31 


UHi 


2,« 


aa.o 


0,4« 


0,70 


0,99 


1,38 ^ LM 


17.0 


22 


S81,0 


0,62 


0,ST 


1,22 


1^74 


2,4 


22.0 


0,4« 


0,64 


o,tid 


i,ai 


IM 


1«.0 


& 


U 


45a^0 


0,50 


0,B2 


146 


1,65 


2,3 


21.0 


0,44 


0,63 


0.1S6 


1,24 


1.72 


U,4 




2 


3J4 


B,0 


15,0 


21.0 


30,0 


42,0 


226 


6.0 


1U2 


Iri.O 


n^b 


390 


167 


;i 


4 


12,0 


23.0 


S3.0 


48 


71 


102 


<wo 


17^2 


"J<^.0 


»s.o 


63,0 


TTO 


4T3 


© 


2S,3 


40 


61 


m 


12r* 


176 


1170 


»fi 


46 


r.6 


m 


130 


W«i 


tu 


g 


M).3 


M 


m 


m 


179 


SAO 


1810 


49 


fl7 


94 


134 


m 


1840 


BB 


10 


74^.7 


85 


im 


ie» 


240 


sao 


2530 


ea 


90 


lat'. 


17& 


246 


1870 


<t 


12 


IIM 


vm 


ISO 


sto 


900 


420 


8S2fl 


»o 


112 


15S 


222 


510 


24O0 


B"^ 


14 


IM.O 


in 


IM 


xeo 


»0d 


Mfi 


4200 


100 


157 


11>5 


270 


S80 


3100 


ig 


16 


201 ,t) 


ItA 


230 


810 


41ft 


(ttO 


51 »0 


iifl 


165 


■iJJH 


»I0 


450 


3800 


18 


*^66.0 


m 


2flO 


860 


610 


716 


6100 


135 


l&O 


^70 


m> 


630 


4A^ 


r 


30 


314,0 


soo 


fOO 


410 


bm 


BSO 


7170 


LW 


sao 


aio 


43a 


610 


6300 


u 


22 


sai.o 


240 


5M 


46ft 


(MO 


080 


82r.o 


17fi 


245 


300 


600 


TOO 


6100 




34 


453,0 


270 


»76 


&2ft 


760 


lOSO 


MirtJ 


;?1I0 


SilO 


390 


6eo 


T80 


7000 



I 
I 



only worked through for sections of 50, 100 and 150 sq mm. For 
the sake of comparison, the costs of transmission lines v^ith alumi- 
nium conductors have been worked out for sections of 50, 100, 150 
and 200 sq mm. fl 

The maxmium permissible stress in an aluminium conductor i 
may be taken as 4 kg per sq mm. Tliis again is a very conserva- 
tive value, i.e.f it is rather less than one-half of the elastic limit ol J 
hard'drawn aluminium, but it is cunsislent with the figure of 10 kg 
per sq mm for hard-drawn copijor. The specihc gravities of cof| 
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and alaminiam are 8,9 and 2,7 respectively. The conductivity of 
hard-drawn aluminium is 60 per cent, of that of hard-drawn copper. 
Table LXVI. gives the temperature rise of overhead conductors at 
various current densities. The expansion coefficients may be taken 
as 0,000017 for copper, and 0,000023 for aluminium, per degree 
Centigrade. 

The three conductors of each circuit are mounted on insulators 
fixed to the top of the tower, and, as the same voltage exists 
between any two of the three conductors, they are usually placed 
at equal distances apart at the vertices of an equilateral triangle 
80 as to economise space and make the system symmetrical as 
regards self-induction and capacity. Let us consider the factors 
determining the distance apart. 

Distance between Conductors. — The chief factors which theoreti- 
cally govern the distance apart of the conductors are the voltage 
between the conductors and the diameter of the conductor. In 
practice, however (for pressures up to 20 000 volts), the conductors 
cannot be placed so near as these considerations would indicate, since 
arcs would often be started by pieces of wire, or stick, or by 
birds flying or falling against tlie wires. Above a pressure of 
20 000 volts, the brush discharge loss necessitates a still greater 
distance between conductors, and above 40 000 volts the stress is so 
great at the surface of conductors of small diameter that the air 
resistance is broken down and a brush discharge takes place, no 
matter how great be the distance apart at which the conductors are 
placed ; for instance, the smallest wire that it is possible to use at 
40 000 volts is one of about 25 sq mm section. 

The curve in Fig. 86, plotted from figures proposed by Esson, 
gives values which agree well with modern practice ; the numbered 
points on the curve refer to actual values for certain installations, 
full particulars of which are given in Table LXIX. on pp. 176 and 
177 at the end of this section. 

Let us next consider the distance between the towers, i.e., the 
" span "of the suspended conductors. 

The Span. — The distance between the supporting towers is 
limited by the height of the towers, the maximum pull for which they 
are designed, and the regulations in force in the district traversed. 

Where the transmission line is not straight, the conductors make 
an angle at the tower, and in this case either the spans must be 
short in order to make this angle as oblique as possible, or special 
towers capable of withstanding the strong side-pull must be erected, 

M 2 



^^I^^^^^^HEAV^LECTBICAL ENGINEERING ^^M 

^m The longer tlie span the more costly the towers, and for any H 

^^ given section of conductor there is a most economical span. This ■ 

may be taken as between 130 and 160 meters (or the usual sections 1 

of conductor employed.^ H 

In the following investigations we shall take as a standard, for ■ 

1 all cases, a span of 143 meters, that is 7 towers per km, with six ■ 

conductors, i,*^, two circuits per tower, H 

Taking this value of the span and the above-mentioned sections 
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iductor, we must next determine the maximum sug which Ll 

ctor will have, and from this and the minimum height 

ictor above ground we can determine the necessary heig 

rer. 

a case of a single series of towers supporting two transmissi( 

ts has been taken, as a steel tower construction would 

IT investigations concerning the **moftt economical sjiati/' see T» 
1 in FJtttrimf ItFricti\ Dec. 28, 1906; and L. Kallir in Khkiroteth 
Uurhimfikiii, Ot^t. 21 , 1906. From conBiderations of the cost of poles on 
mwv arrives^ at 100—130 meters, tht? Litter at 130—160 metere. 
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rarely erected for a single transmission circuit for the reasons 
mentioned on p. 167. The formulse used in estimating the sag 
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Fig. 87. Minimum Height of Conductor above Ground for different 
Voltages between Conductors. 

and corresponding length of conductor are well known,^ and from 
these the values set forth in Table LXVII. are obtained. 



TABLE LXVII. 
Sag of Cimdiictors of various Sedum on 143 Meter Sjtan, 



Section of conductor in sq mm 


25 


50 


100 


150 200 


Weight in kg per m . 


0,22 


0,45 


0,9 


1,35 


1,8 


Wind pressure per meter (maximum) 


0,56 


0,77 


1,08 


1,33 


1,55 


Kesultant force .... 


0,6 


0,9 


1.4 


1,9 


2,4 


Consequent sag at - 25° C (10 kg per 












sq mm tensile stress) in meters 


6.1 


4.6 


3.6 


3,2 


3,0 


Vertical sag at 45° C and no wind . 


6,8 


5,5 


4.7 


4,4 4,25 



The curve in Fig. 87 gives the minimum height of conductor 
above ground which may be taken as good practice at various 

* For complete data concerning such calculations, see the previously mentioned 
papers by Kolkin and Kallir ; also Kolkin, Electrical Review^ Sept. 14 and 21, 
1906, and Nachod, Electrical World and Engineer y Dec. 9, 1905. 
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voltages. The numbered points refer, as before, to Table LXIXT^H 
on pp. 176 and 177 at the end of the section. In order to dtstermine H 
the total length of a tower, we niusfc add to this value the maximum ■ 
sag as found al>ove, also two to three meters for the depth below ■ 
the surface of the ground, and lastly one to two meters for that H 
part of the structure above the lowest insulator. For example, for ^ 
1 a 25 sq mm conductor with a maximum sag of 7 meters, aod for a 
i pressure of 10 000 volts, the minimum height above the ground _ 
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Fig. HH. Weight of Htkkl Tuweks of vahioits 0\'eil 

FOR VARIOUS Lo.lDS. 

hould be some 7 meters. x\dding two meters 1 
ortion and one meter for the height above the loM 
rrive at a total length of 17 meters. 

Weifjht and Cost of Tower ,^ — The weight of the t 
n the length aiul on the maximum pull which it 
lie pull exerted by the conductors on either side o 
he worst conditions is the product of the maxim 
ensile stress occurring in the conductor (10 kg pei 

* See nho pnper by I>. R. Stholes on " Transmisa 
'roceedinga A. L E. E.^'May, 1907. 
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total cross sectional area of all conductors. Were all the con- 
ductors of one span to break, this pull would be exerted on one 
side of the tower only, and the structure should be designed to 
withstand this stress. 

The curves in Fig. 88 aflford a basis for rough estimates of the 
weights of steel towers. In the present developmental stage of 
power transmission practice, such data is far from standardised, and 
is liable to be greatly modified. Not only the length but the width 
of the tower will increase with the voltage, as the conductors have 
to be mounted farther apart. This, however, is taken into account 
in the curves in Fig. 88. 

The cost of towers may be estimated on the basis of £16 per 
ton, A suitable form of structure is that shown in Fig. 89, C and 
D, which is the tower construction used on the Niagara-Toronto 
Line in Canada and on the Necaxa Line in Mexico. Concrete 
foundations will be necessary for the towers, and a figure covering 
the cost of the foundations must be included in estimates. 

The conductors must be supported on these towers, but well 
insulated from them by means of umbrella-shaped or petticoat 
insulators specially designed for high pressures, and rigidly fixed to 
the steel cross-arm and well away from the steel structure. 

Insulators. — The insulators used should be of porcelain, highly 
glazed to keep the interior perfectly dry. Insulators for high 
pressures are generally made in parts, cemented together with 
Portland cement or other suitable material. Glass has been used 
for insulators, one advantage being that any flaw is seen at once 
and elaborate testing is rendered less necessary. Porcelain is, how- 
ever, mechanically stronger and is more generally used. Insulators 
weigh from 5 to 15 kg, and cost from 5s. to 25s. each, including the 
insulator pin. The insulator pin should i)referably be of galvanized 
iron, cemented into the insulator. 

In the construction under consideration there will be, normally, 
six insulators on each tower, i.e., 42 per km ; but in the case of 
copper conductors of 200 sq mm section, this would provide less than 
four insulators per ton of copper. In this case, therefore, we must 
take double the number of insulators, the weight of each conductor 
being supported by two instead of one insulator per tower (as 
illustrated in Fig. 89, A). The remaining items comprised in the 
cost of the line are the various pieces of auxiliary apparatus, 
such as lightning arresters, switches, etc., the cost of which may 
be taken as £30 to £45 per km. All the above costs are for the 
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prepared material only, delivered on site. There now only remains 
to consider the cost of erection. 

Erection. — The cost of erection may with sufficient accuracy for 
our present purposes be taken as proportional to the weight of 
material, and, as the cost of the material in the case of such 
structures is nearly proportional to the weight, 10 per cent, of the 
total cost of material may be taken as being sufficient to cover 
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Fig. 90. Cost of Thkee-phase Duplicate Circuit Transmissiox Line 

(Copper Line). 



erection expenses. This of course is only very rough, but it is 
sufficiently accurate for the present investigation. 

Let us now proceed to estimate the total capital cost for duplicate 
circuit transmission lines at various voltages and having the copper 
sections given in Table LXV. Table LXVIII. (a) shows in detail 
the costs of lines for the various copper sections and the various 
voltages as found by employing the data and methods set forth in 
the preceding pages. 

The results are represented graphically in Fig. 90, which shows 
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^ the cost of a transniission line of any copper sectioii between the^^B 
limiting sections for various voltages. H 
The cost is expressed in pounds sterling per ton of line copper, H 
and as copper has been taken at i'lOO per ton, the scale on the 
right-liand side of the diagram gives the cost of the complete line 
minus the cost of the copper per ton of line copper, Le., cost of ■ 
lower, insulalora and erection, Thas the total cost may readily be 
found for any given market price of copper, as for a given section 
of copper and a given voltage; the combined costs of the other items fl 
may be taken as fakly constant. From these curves the ratio of H 


1 i 

■ i 

i 








Lm^ 
















1 
















000 


































40C 


00 






\ 


























20t 


)00 






t\ 


V 
























fOt 


dd 


''' 


Si 


N 


i^ 


V 




























^Si 


^ 


s 


^ 


^ 


^ 




























s 


i::;;^ 


^^ 


■^ 


:::: 


g 


b 


S 


























■^ 


^^ 


& 


^ 














































































































































































































Fig,« 

the total 

drawn c 

larger st 

Table 

where tl 

The res 

^ of Fig. l\ 

H^ aUiminii 


25 ^ ;s- jca /25 ^^ //f ^(30 

(Sm ConductOf^ Cr033 3eci/onja€r Cbnductor 

»0a. Cost of TiiitEE-PHA8K Duplicate Circuit Traxsmi 
LmE, wrrn Aluminium Line Conbcctohs. 

cost of line to the cost of copper can be taken, wh< 
upper is at 4:100 per ton. This figure is only 1,5 
.ctiona of conductor), but for the smallest section rise 
LXVIII. (/>) shows in detail the costs of aluminii] 
le price of ahmnoium wire has Iwon taken at £200 
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In Fig. 91 the total costs per km are plotted for various voltages, 
as a function of the section of conductor, and in this case, for the 
sake of comparison, the costs for the aluminium lines at 60 000 
volts are also given. 

These curves show that under normal conditions, and with the 
above prices per ton of the two metals {i.e., copper £100, aluminium 
£200 per ton of hard-drawn wire), an aluminium line will cost 
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Fig. 91. Cost of Turee-puase Duplicate Circuit TR^vifSMissioN Lines. 



almost exactly as much as a copper line of equal conductivity. Thus 
from Fig. 91 a three-phase duplicate circuit 50 sq mm line at 
60 000 volts would cost about £630 per km ; an aluminium line of 
equal conductivity, i.e., 82 sq mm, would cost about £640 per km. 
As another instance we may note that a copper line of 100 sq mm 
section would cost £980, and an aluminium line of 165 sq mm 

(ofii ) ^®^^^^^ would cost the same. The reason for this is that, 

although the aluminium conductors weigh only 50 per cent, of the 
copper conductors, less than one-half the tensile stress can be 
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H ftllowed in the wireSp and consequently, on account of this and of 
■ the larger area offered to wind pressure, the sag and consequently 
^^^ the height of tower must, for a given span, be greater than that 
^^^with a copper conductor. 

^^"^ For comparisons at other than the above prices of the two metals, 
K the curves of Figs. 90 and 1K)a must be used.^ 
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92. Cost of Three-phase Duplicate Cibcuit Traxsmissiox Lixe 
wiTU 0»3 PER Ce^t* Loss per km for vabious Voltages retweex 
CoxDUcroHs. 

1 order to show the significance of these resulU in relation to 
power transmitting capacity of the line, let us estimate the cost 
hiplicate circuit transmission lines for tninsmilting various 
uuts of power at various voltages, and at a loss of 0,3 per cent. 
km {or 0,1 per cent, per km per phase). Let us take the case 
duplicate circuit line capable of transmitting 32 000 kilowatts 

^ee footnote on next paKe, and for a further discassion on tbo subject, see 
riW Revie^h vol. 61, p. BT2, November 22nd, 1907. « 
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(i.e., 16 000 kilowatts per circuit) at 30 000 volts between conductors, 
and with a 0,8 per cent, loss per kilometer at full load and unity 
power factor. Let us consider one of the two circuits : — 

Kw per phase — ^ — = 5334 

Volts per phase y^ = 17 320 

n t , 5 334 000 oAo 

Current per phase ^„ ^^ = 308 amp. 

At a 0,3 per cent, loss per km we have : — 

Loss per km per phase = 5 334 000 x 003 

or 16 000 000 x 0,001 

= 16 000 watts. 

Resistance per km per phase = .q^q a = 0,170 ohm 

Resistance of copper per centimeter cube (at 20° C.) 
= 0,000 0017 ohm 

^ .. , , 0,000 0017 X 100 000 
.'. Section per conductor = — 

= 1,00 sq cm. 

From Fig. 91 the cost of a duplicate circuit line at 80 000 volts and 
100 sq mm per conductor is found to be j£900 per km.^ In a similar 
manner the costs for other voltages and other power capacities have 
been estimated, and the results are shown in Fig. 92. From these 
curves it is clearly seen that for transmitting even as much as 
8000 kw over a duplicate circuit transmission line with a loss of 
0,8 per cent, per km at full load and unity power factor, little 
advantage is gained by employing a transmission voltage of over 
50 000 volts. For long distances, where the loss must be less than 
0,8 per cent, per km, or for larger amounts of power transmitted, 
the economical voltage will be greater. 

It must be noted, also, that at high voltages and a given amount 
of power transmitted, the required section will fall below the 

* With hard-drawn copper wire at £100 per ton. If the current price of 
hard-drawn copper wire were £70 per ton, we should make use of the curves in 
Fig. 90. Thus, for 100 sq mm wire at 30 000 volts, the cost of the line, minus 
copper, per ton of contained copper is £75. We require 100 x8, 9x10-3x6 
= 6,3 tons of copper per km ; therefore the cost of the line per km, including 
oopper, is (75 + 70) 5,3 = £770 per km. 









lam hfi 









1 ^ * 
^f ct" -^ 



? S 



V ^ z 



i 



g g 



'iuo|oti|iuo3 JO j^mn^ 



laiu *4(n5npuoo JO Jivi»in«{Q 



<?* w 



it^tOA f^unuituao 



"pitoa^ Xid Bflio^o X^uanbaj J 



§ § i 



S g s s s s s 



s s 



'Ut^S *tlOjtillttn»llttJXJOIIrnU«l,N|Q 



SS 3 S ^ ^ § 



I § I § I 



^ 



*M^ ut Tio|«H;invtiux •i^vm.cvi 



s 



t § i 

» rS S 



1 I § 

2 8- 






II 



§ § § 

s s s 



ill 

s $ s 



§ i i § § § 

$ $ 8 S S S 







•jaqiunK 




HIGH-TENSION POWER TRANSMISSION LINES 



177 



a 1^ 



a 



I 

e5 






B a ^ (§ a 

1*1 ii "^3 ii ii 

^"r ^1 p ^5 ^S 

U ^^ ^i 3^ 1^ 

f>» <K K /ys ft■^ 













■uo!:^«ja<Io 
JO !)a9indouauiuio3 jo juajt 



I I 



I 

a 



II 



I 



«?. 


ft 


a 


A 


ec 


1^ 


g 


c 


g 




l« 


1 


1 


1 





P2 


^ 


E» 


^ 



11 



•HJWjaW 'punoao ui q^^daa 




00 


JO 9iod JO mSiiaq ii«J9A0 


;3 


Joi«in«ui ^KaMOi JO ^mXian 






•8jy?i»w uf u»dg 


S :S S § § 1 


S 



I 



•Rja^aK 
*BJO)dnpuoQ uaoM^aq 9aii«!)fi!(]; 



•mm 1)R 
'joiDnpuoQ ja<I mi{')ddg ii^ox 



? li 



s 


! 


ar braided 
poles 


s 
•a 


R Niagara 
. 640 metei 

nised st 
rs, 3 cond 
per tower 

polea 


1 


1 


? 


n ? 


1 


li III 1 


1 


o 


> 


^•^ ^ 


^ 


^ 



* s. 



5 5 



'KiopiipuoQ JO jaqmn^ 



•aim 'jo^onpuoQ jo ja^auivfQ 



•ffjlOA SanwauaQ 



S S 



•pnooag J9<I yt9\oAo iCouaubaij S S ©5 8 



s s 



•MS 'uoiKsimsavJX jo aouv^s^Q 



•ii^ u] iiocsijimsavjj. jaMOj 



'Bjo^anpuoo 
uaoM-taq aSv^iOA uo{8fiHU8Uiux 






-1 
'jaqmnx 



^ p-i p-i « 



s s ss 



SJ 8 



i § 



60 .52 



3 S 
I 5 



I 1 

3 O « 

I 3 S 

1= C-3 gS S ^ 

ll fl l| I 1 

&^ g« 5^ a g 

«D h* 00 Ok Q 



^1 



?2 
.-SO 






H.E.B. 



e _ 



m 



BEAVT ELECTKICAL ENUINKEKiXG 



I 



mimmam practicable section at the voltage ; for estample, to 
transmit 32 000 kw at 60 000 volts along a duplicate circuit line, 
a conductor of only 25 &q mm gection is necessary. This seelioa is 
below the minimum for this voltage, consequently either a lower 
voltage or a lower loss per kilometer would be taken. These plana 
both lead to a larger section. For the sake of comparison, delafla 
of overhead transmission lines in various countries have been 
collected and are given in Table LXIX. 
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Section 3. — Underground Cables. 

For long distance transmission, underground cables are generSfy 

quite inadmissible, chiefly because the cost of the transmijssion line 
ta 80 great as to render underground cable projects commercially 
impracticable. For transmission over short distances, howeverJ 
cables are often used and occasionally a long transmission line m 
partly overhead and partly underground, the tower or pole construc- 
tion being prohibited by some local autboritiesou the score of alleged 
unsightliness and insufficient safety. 

Let us take the case of underground transmission with three-co; 
lead-covered cables and let os estimate the cost of such cables foi 
various sections of cupper and for various voltages, in a mannei 
similar to that employed in the preceding section in dealing with 
overhead transmission lines. Let us also consider that in all case-s 
the neutral point of the system is effectually earthed^ (i.e., that it is 
at zero potential) : then the working pressure between any core 
and the lead covering is equal to the pressure per phase, which 
equals the pressure between any two of the three cores, divided 
by VW. 

In our generalise study of the subject we shall consider th#l 
case of the three cores each separately insulatLHl to a uniform radial 
thickness, and with an insulation equal to one-fourth of the thick- 
ness on each core wrapped about the iudei)endent!y insulated group. 
The four remaining intermediate portions are also completely filled 
with insulating materials. Such an arrangement is shown in the 
upper diagram in Fig, 93. 

llie Com{tt€(ot\ — The conductor may be of copper or aluminiam, 
and stranded to give greater flexibility. The stranded cable may 

' This is a Rolegtiard ttgaiijat an excessive ri«e id potential of any part of the^l 
flyetoin, and 18 atl vtiu tageoua bo long as the K.MJ'\ wave of tlie generators doe«^| 
not eontttUi the third bannonic or any ijtultijvle of the third. These harmonica» 
if they wcro presciit, would be the cauao of capacity cmrcnU through earth. 
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have a circular Beetion, if small, or if of large section, the Htrands 
should be assembled into a sector shaped section as in the second 
example of Fig. 93. By this latter conBtruction, the overall diameter 
is much reduced, and a saving in both lead and insulation is effected. 
The wire in an underground cable is not subjected to any 
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sthre^core Sector Ced/e. 
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SEtrriO^^S OF HtOH-TENSION OABLEEk 



considerable mechanical stresses, consequently the only lower limit 
of size of conductor is that imposed by the radius of curvature. 
This is discussed in the section on insulation on p. 184. 

Table LXX. gives the sections per core for various sizes of three- 
core cables, the cost of which we shall proceed to estimate* At a 
pressure of 5000 volts, no section under 150 sq mm is taken, since 
we are only dealing with cables of large power4ransmittiiig capacity* 
For the same reason, the 25 sq mm 10 000 volt cable is omitted. 
For pressures of over 20 000 volts a 25 sq mm core is impracticable, 
as the radius of curvature is so small as to impose gi'ave difficulties 
as regards insulation. 
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No cable with cores of over 200 sq mm section is considered 
after 20 000 volts is reached, as the power-transmitting capacity of 
such a cable would be excessive. 

To supply cables at 80 000 and 40 000 volts corresponding to 

TABLE LXX. 
Sections of Core in Three-core Cables to which the Invesligatum relates. 



Voltage between Con^ 


Real CroflS-aecUon per Gore in Sq Mm. 


5000 








150 


200 


800 


10 000 


— 


50 


100 


150 


200 


800 


20 000 


25 


50 


100 


150 


200 


800 


30 000 





50 


100 


150 


200 





40 000 


— 


50 


100 


150 


200 


— 



80 sq mm of copper, cables having aluminium cores of 50 sq mm 
section are taken at these voltages. For other examples of aluminium 
cables see p. 198. 

Table LXXI.^ gives the currents and corresponding current 
densities for various sections of copper, which correspond to a 

TABLE LXXL 
Maximum permissible Current for Three-phase Three-core High-tension Copper Core 
Cables giving a Final Temperature Rise of about 25° C when laid Underground, 



Section per Core, 
SqHm. 


Current per Core, 


Current Deniltr, 


An)i>eres. 


Amp* 8q Hm. 


10 


60 


6,0 


15 


75 


5.0 


25 


100 


4.0 


35 


120 


3,4 


50 


150 


3,0 


70 


180 


2.6 


95 


210 


2,2 


120 


240 


2,0 


150 


280 


1.85 


185 


820 


1,75 


240 


370 


1,55 


310 


420 


1,35 



in 



1 In preparing this table the authors were guided by the results of the 
vestigations of Teichmiiller and Humann, which appear to give the most corn- 
See ^/c^rof^v^wwcA* ZeiY«c^ri;Y, Nov. 22nd, 



plete and reliable results available, 
1906. 

Compare also the recommendations of the 
Elektrotechnische Zeitschrift, May 16th, 1907. 



* ' Sicherheits Kommission, " 
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maximum temperature rise of about 25^ G after about ten hours' 
working at those densities for three-core high-tension cables laid 
underground. This value is already closely approached after four 
hours' working. 

The temperature rise should not be permitted to be more than 80° C, 
consequently these values may be used as maximum working values. 

Thickness of Insulation. — The radial thickness of dielectric 
necessary for a given difference of potential between the copper 
core and the outside lead covering, depends not merely on this 
difference of potential and on the dielectric strength of the insulating 
material, but it is also dependent on the radius of curvature of the 
copper core, and on certain other considerations not yet susceptible 
to quantitative determination, such as certain surface resistance 
phenomena at the contact of copper and insulation. 

For homogeneous insulation, the stress which the insulation 
undergoes is also by no means uniform throughout the radial 

depth. The stress at the surface of the core is -7 times the stress at 

the surface of the lead, where r is the radius of the copper core 
and R the radius over the insulation.^ 



* Notes from Jona*s St. Louis Congeess Paper 

The potential falls from the outer surface of the conductor (where it is a 
maximum) to the outer surface of the 
insulation (where it is zero, being in 
contact with the lead and soil), in 
accordance with a logarithmic curve. 

For Homogeneous Insulation : — 

Referring to Fi^. 9i, we have — 
Potential at pomt P at a distance p 
from centre, = 

log.^ 
Gradient, or rate of fall of poten- 



tial = 



dv 
dp 




iMOd 



dv ^ 0,434 V ^ dielectric stress 

P Ho V 



Fig. 94. Section of Single Core 
Cable to illustrate Fall of 
Potential in the Dielectric. 



volts per mm. at point P\ip,r and R m mm. At surface of copper r = p 
(dv\ 0,434 V , ^ Fi^ ^ 

I ,- ) = — „ = maximum stress = w 

^"^ rlog^^ 

r [,Sce over. 



^ 
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Consequently, when settling the thickness of insulation, we are 
concerned not so much with the total voltage as with the maximum 
stress to which the insulation will he subjected. The curves in 
Fig, 95 show the necessary radial depth of insulation for various 
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Fig. 95, IxsuLATioif Thickxess for HoMooENEOua Cables from 
Joxa's Formula- 

voltages and for vaiiouB minimum radii of curvature. These curves 
have been plotted from the formula given by Juna. 

It will be noticed that for pressures of over '20 QOO volts, aud for 
cores of normal radii^ the thickness of dielectric becomes too large 



where w is the maximum etreBs in volt^ per mm that the insulatiEg material 
CiiTi tiiufelj" witkntand. 
At eurface of iiiBulation _ 

0,431 r . . . 

^ mimmum stress. 






log 'i 



R 




Katio o! maximum to minimum stress = — 

r 

KoTE.— There is a certain value of r, which for a given it givee the smftlle 

value of maximum stress w possible. 



M 



H 



This vahio of r = ^ = ^, . 
t 1^,71 
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to be practicable. It is possible, however, to reduce this depth of 
insulation by placing near the core a material of higher dielectric 
strength. This procedure is known as '' grading " the insulation. 
Thus we can have several layers of different dielectrics, materials of 
higher dielectric strength being employed for the inner layers where 
the dielectric stress is greatest. By this means the overall diameter 
of the cable may be considerably reduced. 
When we vary in this way the nature of the dielectric, there is 
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96. Thickness of Insulation of Graded Cables foe 
Alternating Current. ^ 



another important point to be considered. This relates to the effect 
on the potential curve of the varying dielectric capacity.^ 

Care must be taken that the ** specific capacity " of the dielectric 
decreases in proportion to its distance from the core. This has the 
effect of decreasing the steepness of the potential curve near the 
core and increasing the steepness near the lead, thus putting a more 
uniform stress upon the dielectric. In this way the required 
thickness of dielectric is further decreased. 

By a combination of the above two principles, we may reduce 

See G^Garman, Jour», I, K* E., vol. xxx. p. 608, 
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the necessary thickness of material considerably below that which 
the cyrves in Fig, 05 would indicate to be necessary. 

LaBtly, Joiia and others have ascertained experimentally that for 
cables with very small cores at high voltages, the insulation required 
is, when correctly applied, very appreciably less than that calcu- 
lated, there being some other phenomena ae yet unexplained. For 
the purposes of the following investigations, the radial thickness of 
the insulation will be taken from the curves in Fig. 96, * A 
minimum radius of curvature of 8 mm will be taken for voltages 
over 60Q0, and a thin sheath of lead will, as proposed by 0*Corman 
and Jona, be placed round the stranded core so that it shall conform 
to this curvature. At 40 000 volts the diameter of core for low 
values of the kilowatts transmitted comes out less than this lowest 
value shown J and in these cases an aluminium or a tubular conductor 
of the minimum outside diameter might be used. I'or high voltages 
it might often be advisable to use an aluminium conductor, since 
the radial depth of the required iiisulation decreases rapidly with 
increasinfi radius of curvature of the core. 

Jona has shown that if a stranded core is not covered with a 
lead sheath, the stress is liable to be increased to 1,2 — 1,4 times 
the amount obtaining for a smooth core* To allow for the room 
taken by this lead sheath, which, however, may be very thin, and 
also for the fact that the core is composed of stranded wire, the 
real copper section is increased by one third, and this figure is 
called the apparent section. 

Since the cores are twisted, an addition of 8 per cent, is made on 
the length of cable in estimating the weight of copper per km. The 
space factor of the three-core cable is estimated tlnis : — 

n f f r 3 X real cross section core 

^ ~ Cross section up to the internal wall of the lead 

covering 

Suitable thicknesses of lead covering are given in the following 
table ; — 

TABLE LXXIL 
Shoicing Suitahte niehtifus of Lend for Tfirtt-cott CahUg, 



Obmetet iif liiBnlaUHl 
Clilile In Mid. 

60 

75 
100 


Thii^kni'ss of l^ad 
Covering In Mni. 


4.0 
4,5 
5,0 
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Estiination of Cost of Three-core Cable. — The cost of the materials 
used in the manufacture of cables will be expressed in pounds 
sterling per ton. Let us first estimate the weight of material used. 
The section and length of the cable being known, we require only 
the specific gravities. 

The following values may be taken : — 
Weight of 1 cubic dm of copper . . . = 8,9 kg 
„ „ „ lead . . . = 11,4 kg 
„ jute . . . = 1,2 kg 
„ „ „ „ impregnated paper . = 1,2 kg 
From these values the respective weights of the various materials 
used may be estimated. 
The prices per ton of material may be taken as follows : 

Copper per ton = £95 

Lead „ „ = £20 

Impregnated paper per ton . . . = £iO 

Baw jute per ton = £80 

In order to estimate the Total Works Cost of the finished cable, 
the cost of labour and other costs must be added. 

The following figures taken from O'Gorman's paper before the 
Institution of Electrical Engineers ^ give some idea of the proportions 
these costs bear to one another, but these figures will not be used 
in the present investigation : 



TOTAL W0RK8 COST. 




Proportioning of items (O'Gorman). 




(1) Copper. 


£ 


Cost of copper per ton .... 


. 95 


Cost of wire drawing .... 


. 5 


Cost of stranding 


• 7 


Shop costs and administration . 


. 10 


Total cost per ton . 


£117 


(2) Lead. 


£ 


Cost of lead 'per ton .... 


. 20 


Cost of labour 


. 3 


Cost of administration, etc. 


. 7 



Total cost per ton • £80 

* Journal y /. E, E,^ vol. xxx. p. 644. 
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(3) Impfrffudthtfj Papfv. 

Cost of impregnated paper pen' ton 

Cost of labour 

Cost of adminiBtration, etc. 



40 
10 
20 



Total cost per ton 



(4) Jute, 

Cost of jute per ton 
Cost of labour, etc. 



Total cost per ton 



(5) Rnhher. 

Cost per ion (pure para nibljer) 



£70 

30 
3 

£B3 



4*400 



JUIOO per ton 

£40 to 4*G0per ton.* 

420 per ton 
4200 per ton 



For our i^resent purposes we shall employ the followiug values :-^ 

Cosi of matenalis in the form in whivh iheif are delirered io the 
Ca hi € Ma n tifac I u rer. 
Hard drawn copper wire 
Impregnated paper ) 
Rubber / taken together 

Jute tilling J 

Lead ..... 
Hard drawn aluminium wire * 
UBing these values, we obtain the cost of material per km of 
completed cable. 

ESTIMATION OF TOTAL WORKS COST. 

Having estimated the total cost of material for any proposed 
cable, we slmll multiply this by a constant which we shall desif^nate 
as the '' Works Cost Constant/' in order to obtain a rough llgure for 
the Total Works Cost of the cable per km when turned over by the 
Manufacturing Departuient to the Sales Department. 

This constant will depend on the quality and quantity of labour, 

etc,, required to manufacture the cable from the above material, 

and will also be affected by local conditioiis, cost of labour and 

power, composition of cable, etc. With increasing voltage, more 

care will luvve to be expended on the insulation, and as the material 

cost decreases with the voltage, except for extra high voltages, for 

1 The coat of the ipsulation is taken at £40 per ton for a 10 000 volt cable 
and 460 per ton for a 50 000 volt ctvble, as^ at tho higlier voltages, the iiisulation 
will bu i>iLrtly rubber imtl will have to be carefidly gruded* 
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a given copper section, the value of the constant will increase with 
the voltage. 

For a given voltage, the labour expressed as a percentage of the 
total cost of material will decrease with increasing copper section, 
as the labour required will not increase to such a degree as the 
outlay for material increases. 

Taking these points into consideration, the curves in Fig. 97 have 
been deduced, showing the value of the " Works Cost Constant " 
for different copper sections and voltages, the curves being based on 
values worked out from actual cases. 

Table LXXIII. gives the costs of cables corresponding to the 
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Real Cross Section per Core Sq.mm. 

Works Cost Constant for Three-core Cables, as 
Function of Copper Section and Voltage. 



various copper sections and voltages between cores set forth in 
Table LXX. The various items have been estimated according to 
the method given in the preceding pages. The curves in Fig. 98 
are plotted from these results and give the Total Works Cost of a 
cable of any given copper section, per core, at various voltages. The 
T.W.C. is expressed in pounds sterling per ton of contained copper. 
The results are obtained by taking the price of copper as being 
£100 per ton. The price of copper varies, however, within wide 
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limits. For a given section of copper and a given voltage, the size 
of cable, and all costs, with the exception of that of the copper, 
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Fig. 98. Cost of Three-phase Three-core High-tension Cables. 

remain constant (as the combined cost of lead, insulation and labour 
may be taken as fairly constant). 
From the ordinates on the right of Fig. 98 we can read off the 
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T.WX!. per ton of contained copper, mimis the cost of the copper 
itself. Therefore, in order to estimate the cost of a cable, we have 
only to read off this cost from the curve and add to it the currefit 
price of hard drawn copper wire per ton. This gives us the T.W.C. 
of the cable per ton of contained copper. Multiplying this by the 
total weight of copper in the line, we obtain a rough estimate for 
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Fig. 99. Cost of Thuee-phase Thkee-cobe High-tension Cabi-es. 

the T.W.Q of the complete cable as turned over by the Manufac^ 
turirig Department to the Sales Department. In Fig. 99 the 
T.W.C. of the cable per Am, with copper at £100 per ton, is plotted 
for various voltages as a function of the section of conductor. As 
in the case of the overhead line, the significance of the results is 
again best shown Ijy means of examples. 

Let us, as before, take the case of transmission lines of various 
capacities as regards the number of kilowatts of energy to be trans- 
mitted and at various voltages, and fur a loss of 0,B per cent* per 
km. In this ease, however, let us take one cable, i.t\, a single 
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three-phase circuit. The copper section necessary is calculated in 
the same way as before. From this the weight of copper per km 
is obtained and finally the cost per km at various voltages. The 
results are given in the curves of Fig. 100. 

From these curves we see that with copper at £100 per ton, and 
with a line loss of 0,1 per cent, per km per core, a pressure of about? 
15 000 volts corresponds to the cheapest cable for 1000 kw, but for 
transmitting large amounts of power, higher voltages correspond 
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Fig. 100. Cost of Three-phase Three-core Cables at different 
Voltages between Cores, with 0-3 per Cent. Loss per km. 



to cheaper cables. The cheapest cable for a 16 000 kw transmission 
works out for a pressure of 28 000 volts. 

The increase in depth of insulation required for wire of small 
diameter causes the cost of the 8000 kw cable to be more than that 
of the 16 000 kw cable when a pressure of 40 000 volts is employed. 
The 8000 kw cable at this pressure would have been cheaper and 
smaller if the strands had been wound round a central core of jute, 
as the diameter over the thin lead sheath would have been greater. 

In Fig. 101 the most economical voltage is plotted as a function 
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H of the kilowatt transmitted per cable, The»e curves have l>€en 
H deduced directly from the curves of Fig. 100. 
H The curve of Fig. 102 gives the coat of cable per km per kw 
^ transmitted at the most economical voltage as a function of the kw 
transmitted per cable, 

Insulated Cables of other Mktals than Copper.^ 

Although copper has been, and is stilt, the recognised metal for 
the cores of electric power cables, the supply and the price of the 
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al are by no means steady, and there is always the possibility 

another metal or alloy may become more suitable. Indeed, 

es having aluminium as the conducting metal are already on 

market The curves given in Fig. 98, although intended in the 

place for copper cables, can be used as a basis for estimating the 

of three-phaBe three-core cables with cores of any other metal. 

the right-hand side of Fig. 98 we Imve as ordinates " the 

^C. of cable per ton of contained copper minus the cost of the 

ler conductor itself,** U., the T.W.C. of a complete cable (of 

1 a length that it con tarns one ton of copper) exclusive of the 

of the conductor. 

See also " Aluminium ma a Sulxitituto for Cop|M?r for Electrical Trunsmiaaion 
Kjfios/' Elixtrkat Htview, toL Ixi. p. 796, Novomlwr 16, HH>7. 
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Now, for a, given section of conductor, a cable containing one ton of 
aluminium will be longer than a cable containing one ton of copper, 
in the inverse ratio of the specific weights, i.e., in the ratio of 8,9 
to 2,7, or in general in the ratio : — 

Specific weight of copper 

Specific weight of metal used 

For a given section of conductor, the cost of the insulation per unit 
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length will be independent of the metal used as conductor. There- 
fore, to find the ** T.W.C. of cable per ton of aluminium, minus the 
cost of the aluminium conductor itself," we must multiply the 

8 9 
ordinate of the right-hand side of Fig. 98 by ^. 

We have now the means of readily estimating the cost of an 
aluminium cable of any section. 

H.E.E. 
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(A.) Ab an example let us estimate the cost of a tliree-phaa 
three-core ahiminium cable of 82 sq mm per core for 10 000 voltf 
working pressure, 

Wei^^bt of akimiuium per km (allowing 3 per cent, for strandiDg) 
82 X 2, 7 X 3 X 10"^' X 1, 03 ^ 0,685 tons. 

Cost of ahiminium cores per km (ahuniuium wke at £200 per ton) — 
200 X 0,685 - 4137 

From Fig, 98 we find that the 1\W,C. of ciiUeper ton nfcopptir, minus 
cost of conductor, for 82 sq mm and 10 000 volts is equal to £180- 

Therefore T.W.C. of cable per ton of aluminutni, minus cost of 
conductor, for 82 sq mm and 10 OOO volts is equal to 

£180 X ^ = £593 

or T.W.C. of cable per km miuus cost of conductor 

= £593 X 0,685 = £406. 

Therefore Total Works Cost of cable per km 

^ £106 + £137 = £543, 

(B.) Fur the sake of comparison let us work out the cost of a 

copper cable of equal conductivity and for the same working pressure. 

Section of copper = 82 X 0,61 = 50 sq mm 

Weight of copper per km = 50 X 8,9 X 3 X 10"' X 1,03 = 1,38 

tons. 

Cost of copper per km (with copper at £100 per ton) 

100 X 1,38 - £138. 

From Fig. 98. T.W.C. of cable per ton of copim\ minus cost of 

conductor, for 50 sq mm and 10 000 volts = £240, 

Therefure T.W.C, of cable per km, minus cost of conductor — 

£240 X 1,38 = £331. 

Therefore Total Works Cost of cable = £138 + £881 = £469. 

469 
That is -^^^ = 0,865 times the cost of the aluminium cable. 
543 

(C.) Let us now estimate the price per ton of copper, in order 
that the copper cable should cost the same as the ahimiiiiLini cable, 
when the price of aluminium is ai £200 per ton. 

Cost of cable to be £543. 

But cost of insulation, etc, = £331 (see above). 

Therefore cost of cores will be £212. 

Weight of cores = 1,38 tons, 

21'^ 
Thereforo cost of copper per ton = —^^ — £154. 
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(D.) Or we can estimate the price per ton of aluminium in order 
that the aluminium cable should cost the same as the copper cable, 
when copper is at £100. 

Thus the cost of cable = M69. 

But cost of insulation, etc. = £i06. 

Therefore cost of cores = £63. 

Weight of cores = 0,685 tons. 

I.e., cost of aluminium per ton = fr^f^ = £92. 

The above results are summarised in tabular form in Table 

LXXIIIa. 

TABLE LXXIllA. 
Comparison of Costs of Copper and Aluminium Cables. 



10 000 Volt Three-phiwe Cable. 


B 


D 


c 


A 


Cu. 


Al. 


Co. 


Al. 


Section per core (sq mm) 
Weight of metal per km 
(tons) .... 
Cost of metal per ton (£) 
Cost of metal per km {£) 
Cost of insulation, manu- 
. tacture, etc., per km (£) . 
Total cost per km {£) . 


50 

1,38 
100 
138 

331 
469 


82 

685 
92 
63 

406 
469 


50 

1,38 
164 
212 

331 
543 


82 

0,685 
200 
137 

406 
543 



For very high voltages and small sections, the larger diameter of 
the aluminium core permits a smaller depth of insulation (see 
Figs. 95 and 96 on pp. 182 and 183 of this Chapter). Take for 
example the exceptional case of a 40 000 volt cable, 50 sq mm for 
copper, 82 sq mm for aluminium. The cost of complete cable works 
out at £1850 per km for the copper cable, and £1770 per km for the 
aluminium cable, i.e., the aluminium cable is a little cheaper. 

This is, however, a very exceptional case, and with the present 
prices of the metals and for normal cases, the aluminium cable will, 
for high-tension work, be more costly than the copper cable. 

Underground Construction. — The curves in Fig. 98 give the cost 
of cable as delivered by the Manufacturing Department to the 
Sales Department, and in order to compare the total outlay for an 
underground with that for an overhead system we must estimate 
the costs of the underground construction. 

The cost of the insulated cable corresponds to the cost of the 

2 
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wire and insula tors of an overhead system, and the cost of the 
underground construetion corresponds to the cost of the steel tower 
construction, iQcludiDg labour in all cases. As, however, the avail- 
able data for the cost of underground construction vary over such 
wide iiuiiia, it was decided not to include this item in the curves 
for the cost of cable. 

The form of underground construction in most general use is 
thai in which the lead-covered cables are drawn into vitrified clay- 
tile ducts, embedded in concrete, and buried 0,6 to 1,2 meters under 
the surface.* The conduit can be of either single or multiple duct 



r 
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/ / / 

y / ^ 






:^ Cpncrete/ 
/ / / / / 

Fig. 103. Section tubough UxDERGnouNn CoNHurT. 

construction, the former being preferable- The holes should be 
square, not round, on account of the greater ease with which the 
cables may be drawn in in the former case. Four to six duct 
multiplo duct conduit is customarily supplied in three-foot lengths, 
and two duct multiple and single duet in shorter lengths. It is 
preferable not to pluce more tlian one cable in a duct, but if the 
cables are small it may become necessary to do so in order to avoid 
waste of duct space. 

* For a full description of eucli a conduit line^ see tie paper on **Under- 
P'ound Constmction,** Xyy W. P. Hancock, read before tbo Nut ion al J^Hectric 
Light ABsocialioii at Boston, May, 11)04* and piiblLshcd m the Wrdem Eltc^ 
tridan^ Jiine^ WOA. See also the paper presented to I ho St, Louif* Oongresd by 
L. A, Fcrfrni?;on. l^H ^ Transactions, voL li.). Also a paper by W. D. Bnrford, 
EUHrkul Worhl, Feb, 10, 1906. 
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The internal diameter of standard ducts varies between 8 and 12 
cm, and consequently if cables having the dimensions given in 
Table LXXIII. are used, each will be placed in a separate duct. 
Manholes should be at intervals, preferably not exceeding 150 meters, 
in order to give easy access to any part of the cable, and also to 
facilitate pulling in. 

When a large amount of power is to be transmitted, it is, in the 
case of an overhead system, sometimes thought advisable to construct 
a double tower line. In ihe same way, it is thought advisable to 
construct a double conduit line, the conduits being preferably laid in 
different streets. If too many cables are buried together, the 
temperature rise may be considerable, as the heat generated is not 
easily dissipated. 

The following is an example of a 15 duct conduit, given by 
Hancock in the paper to which reference has been made. It 
is reproduced to show the relative costs of the various items. The 
conduit was composed of 15 single clay ducts cemented together 
with mortar. These were embedded in concrete (5 parts mixture, 
1 part cement, 2 parts crushed stone, 2 parts sand), the thickness 
of the concrete being 7,5 mm at the sides and top, and 10 mm 
at the bottom. The boards at the side and on top were of spruce. 
The depth from the surface of the road to the top of the conduit 
was one meter (see Fig. 103). Hancock's estimate was as follows : — 

Excavation and reinstalment 3,9 shillings per cubic meter. 

2,5 cm spruce boards 

Concrete mixture . 

Clay ducts (delivered on site) . 

Eoad stone block paving on 

concrete base (pitch filling) 9,5 „ ,, sq meter. 

Taking these values the cost per meter of conduit worked out as 
follows: — 

Excavation and reinstalment . . 5,2 shillings. 



1.1 


»» 


,, sq meter. 


25,4 


»» 


„ cubic meter 


0,65 


y) 


„ duct meter. 



Spruce boards .... 


2,0 „ 


Concrete mixture 


. 4,6 „ 


Clay ducts (delivered) 


9,8 „ 


Stone block paving . 


. 9,9 „ 


Engineering expenses (labour, etc.) 


. 10,5 „ 




42 shillings. 



i.e., £2100 per km (see table)* 
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Tttlile LXXIW gives the total cost for conduit laying as given by 
various authorities* 

TABLE LXXIV. 
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As a basia for estimating the cost of any conduit line, tlie figures 
in T iiLle lAXV. are of service. These figures are deduced from 
data jL;iveii in the above-mentioned papers. 

To thia must be ailded the cost of pulling in the cable, which may 
be taken as £20 to i;50 per cable per km, depending on the size of 
cable, also the cost of the manlioles, about six per km, iind each 
costing from £15 to £35, depending on the size of the manhole. 



Section 4,— The Efficiency op the TaANSMissioN Line. 

Or page 4 Kelvin's hiw was stated as follows: — ** Maximum 
ecsonomyis obtained when the annual cost at the generating station, 
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of the power wasted in transmission, is equal to the interest, 
depreciation and maintenance of the transmission line." To 
this, however, should be added, "when the cost of the trans- 
mission line may be expressed as a function of the copper section, 
without any constant figure.'* 

In the case of an underground conduit line there is a large 
figure for the cost of the underground conduit and trench. This 
figure remains practically constant for all sections of copper, and 
consequently a modification must be made in this case, the maxi- 
mum economy being obtained at a higher efficiency than that 
indicated by the precise wording above set forth. 

If the figure for interest, depreciation, and maintenance could be 



TABLE LXXV. 

Approximate total Coat of laying Sin^fle diiet Clay Conduit in Pounds 
Sterling per Duct per Km. 



NiinitM>r of 
Ducts. 


No Paving. 


stone Block Paving 

witli Pitch and Pebble 

Joints at 10>. per Sq 

Meter. 


Aaphalt Paving 

at 179. per Sq 

Meter. 


1 

2 
4 
6 
9 
12 , 


220 

140 

110 

90 

90 

90 


500 
300 
200 
160 
140 
130 


700 
450 
260 
220 
190 
170 



resolved into two components, a constant component and a vari- 
able component, then the efficiency for maximum economy would 
be that for which the variable component is equal to the value 
of the wasted energy (see Fig. 103a). To show the influence of the 
efficiency of the line on the cost of transmission, the following case 
has been considered. 

An annual transmission of 50 million kw hr over distances of 25, 
60 and 100 km, under the following conditions : — 

Power factor 0,9. 

Cost of energy at generating station 0,5 pence per kw hr. 

Both overhead and underground lines are considered, a duplicate 
circuit transmission line being taken in all cases, i.e., a single tower 
line, carrying two three-phase circuits, or a single undergi'ound 
conduit containin<]j two three-core cables. 
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To sliow the inetlioil employed, let us work out two examples, one 
for ail overhead line and one for an underground line. 
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Fig. 10:iA. Determikatiox of most Economical Like Efficiency for 

TraNBMISSIOX of 50 MiLiauN KW IIU PFJl TEAU OVEH a BlaTAXCR 

OF 25 KM. (Two Throo-fore Cnbles (*J(> 000 Volts between Cores) laid in 
Odq Undorgroufid Uontluit) 

A. — Ot r rh m d L ine. 
Take the case of a 20 000 volt traiismission over a dislanca of 
50 km, and 50 million kw hr delivered annually. 
i.e., an aver«ge of 5700 kw delivered, 
or 2850 kw per circuit, 
or 950 kw per conductor, 
Power factor = 0,9, 
Therefore kva per conductor := 1055 kva. 
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Volts per phase = 11 530 volt. 

Therefore amps per conductor = 91,5 amp. 

Take the case of an annual efficiency of 96 per cent. 

Then watts lost per conductor 40 000 watts. 

40 000 
Total resistance per conductor = — - — ^ = 4,79 ohms, or 0,096 

ohms per km. This corresponds to a copper section of ' ' = 182 

sq mm.^ 

This gives a weight of 1,68 tons of copper per km, or for 6 con- 
ductors and 50 km, 504 tons. 

With copper at i'lOO per ton : — 

Total cost of copper = £60 400. 

From Fig. 90 the ratio of total cost of line to the cost of copper 
at 20 000 volt, 182 sq mm section is 1,5. 

.-. total cost of line = £75 600. 

For an overhead line the interest, depreciation and maintenance 
may be taken at 16 per cent., i.e., £12 100. 

Cost of 50 million kw hr = £104 000. 

Cost of kw hr lost = £4500. 

Therefore total cost of the 50 million kw hr at the receiving end 
is £120 600, which is 0,58d. per unit. This value is plotted in 
Fig. 104. 

The other points on the curves of Fig. 104 have been calculated 
in a similar manner. 

B. — I Underground Lines. 
As before, let us take the case of a 20 000 volt transmission over 
50 km at 96 i)er cent, annual efficiency. 
Watts i^er core = 40 000 w^atts. 
Corresix)nding to 0,096 ohms per km as before. 

This corresponds to a copper section of ' = 194 sq mm. 

i/,Ul/0 

The specific resistance is taken higher in thecaseof underground 
cables, as the average temperature will be higher than that of an 
overhead conductor. 

An aggregate weight of 540 tons of copper is obtained. With 
copper at £100 per ton, the total cost of copper is equal to £54 000. 

1 If the ** Load Factor'* is assumed to be 0,5, then the maximum c iirent per 
core will bo 18.'J amps, and the current density only 1 amp per sq mm ; t./?, 
about one-half the maximum permissible, as given in Table LXXI., p. 180. 
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From Fig, 98 the ratio oE tota! coat of the caMea to the cost 
the copper, at 20 OOO volt, 194 sq uim section, i*s 2,4. 

Tota! cost of cahles = £129 50(h 

From Talile 97, the cost per duct km for underground conduit 
a country district U £140, 

For 50 km of two-duct conduit, cost will he £14 000. 

Taking manholes per km at £25 each, cost will he i'Tt^jOO. 
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And cost of drawing in the two cahles at £35 per cahle per km 
will be i3500. 

Therefore total capital cost is £154 500* 

For an underground line the interest, depreciation and mainten- 
ance may he taken at 12 per cent., i.e., £18 550. 

As hefore, cost of 50 mil i ion kw hr = £104 000. 

Ab before, cost of kw hr lost = £4500. 

Therefore total cost of the 50 milhon kw hr at the receiving end^ 
is £127 050, which m 0,Glld. per kw hr. 

The other points on the curves have been calculated in a similar 
manner. 

The complete Bet of curves is given in Fig. 104* From these 
curves the curves of Fig. 105 have been deduced. These show the 
moBt economical line efficiency as a function of the line voltage for 
the particular cases considered. 



CHAPTER IX 

THE HIGH-TENSION CONTINUOUS CURRENT SERIES SYSTEM 

The high tension continuous current series system of transmitting 
electrical power is by some engineers considered to offer advantages 
over the three-phase high tension alternating current parallel 
system. 

Since 1889, when M. Thury put down his first system, rapid 
strides have been made in the design of the apparatus employed, 
and there are now several plants in existence, most of which are 
on the so-called "ring** system employing a complete copper 
circuit. 

Table LXXVI. gives in tabular form a list of installations on this 
system, and contains particulars of the leading details. This table 
is taken from a paper by J. S. Highfield.^ To this paper the reader 
is referred for a detailed description of the system and of the 
apparatus used in connection with it. In the paper, a special case 
is taken of a transmission scheme in a district as represented in 
Fig. 106, and a comparison is made between an alternating current 
three-phase system and the Thury continuous current series system. 
The generating plant, transmission line, and sub-stations are 
included in the comparison. 

As a further instance of the estimation of the cost of underground 
transmission lines, let us estimate the coste for these two systems, 
i.e., of the constant current, continuous current, high-tension system, 
and the constant potential alternating current high-tension system, 
and let us compare the results with those arrived at by Highfield. 
It will also be interesting to again make the comparison of the two 
systems, using our own estimates for the transmission lines. Let 
us further revise the figures for the generating plant, so that they 
shall be consistent with the estimates and principles laid down in 
earlier chapters of this treatise. 

The power station, with a capacity of 7000 kw, is, in both cases, 

* ** The Transmission of Electrical Energy by Direct Current on the Series 
System,*' by J. S. Highfield, Journal I.E,E.y vol. xxxviii., p. 471. 
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situated on the edge of the area to be supplied. In the case of the 
alternating current system, this is by no means the most suitable 
location. The cables are assumed to be laid along country roads. 
Their locations are indicated in Fig. 106, the full lines represent- 
ing the continuous current cable routes, and the dotted lines the 




Aiternattng Currerft Caties shown dotted imes. 
Continuous " »» »» fuU »» 

Sutistations thus • 

Fig. 106. Diagram of Typical Bulk Supply Area. 

alternating current cable routes. The sub-stations are indicated 
by the small black spots. 

The alternating current system is the three phase star system, 
with the neutral point of the system earthed. The voltage between 
cores is taken at 20 000 volts. The continuous current system, with 
100 000 volts total pressure, is earthed at the middle point, conse- 
quently the insulation between core and lead sheath must be 
suflBcient to withstand a working pressure of 50 000 volts. 

Let us first consider the transmission line, and let us begin with 
the cables employed for the alternating current system. From the 
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geiiemtinpf station to sub-station 4 there are two three-core cables, 
section per core 48»5 sq mm j from the generating statioQ to sub* 
station 13, two similar cables, and from sub-station 13 to sub- 
station 1*2 one such cable, giving a total length of 84 km of this 
48,5 sq mm tbree-core cable. 

The coat of these cables may be estimated as follows : — 

I Section per core 48,5 sq mm, 

I Tons of copper pev core per km , . . 0,445 
f Tons of copper per km , . , , 1,335 
Cost of copper at iilOO per ton , . £138,5 

From Fig. 98 ratio of cost of 20 000 volt lead-co\'ered cable 
cost of contained copper — 4,75 

Therefore cost of cable = £634 per km. (Ilighfield gives £650 
per km.) 

Cost of 84 km of this cable — £53 200. 

The cable connecting the other sub-stations has a section per 
core of 32,2 sq mm, and a total length of 106 km, 

Section per core , 32,2 sq mm 

Tons of copper per km . • , . 0,885 
Cost of copper per km . . * * £88,5 

From Fig. 98 the ratio of the cost of 20 000 volt lead-covered 
cable to the cost of the contained copper ™ 5,8 

Therefore cost of cable =^ £512 per km. (Highlield gives £560 
per km*) 

Cost of 106 km of this cable = £54 400. 

We cannot make use of Fig. 98 to estimate the cost of the con- 
tinuous current cable, but we can estimate the cost in the same 
way as was done in Chapter VIII. In this case there is only one 
cable 135 km long, with a single core of 64,5 sq mm. This core 
will bo stranded, and will thus have an apparent section of about 
87 sq mm and a diameter of 10,5 mm. 

The first question to consider is the thickness of insulation 
necessary. So great a thickness as that indicated in Fig. 96 will 
not be required. For a sine wave alternating o.m.f. curve, the ratio 
of the maximum to the eflfective value of the e.m.f, is 1^41 : 1, and 
if the maximum voltage determines the thickness of insulation 
necessary, then for any given insulating material the dielectric 
strength for continuous current is 1,41 times that for alternating 
current, i.e., the ratio of the dielectric strength for continuous 
current to that for alternating current is 1,41-: 1. 
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It has been alleged, however, that the effect of the alternating stress 
is to still further lower the dielectric strength. Although very little 
is known concerning the matter, the advocates of the continuous 
current high-tension system have taken the ratio as 2:1. (See 
curves and figures in Highfield's paper.) On this basis, the 
insulation thickness for the 50 000 volt continuous current cable 
should be the same as that for a 25 000 volt alternating current 
cable. 

Referring to the curve of Fig. 96, p. 183, the required thickness 
is, on this latter basis, seen to be 14 mm. The cable exhibited by 
Highfield at the Institution of Electrical Engineers had an insula- 
tion thickness of 14 mm and was intended for a working pressure 
of 50 000 volts. 

We can now proceed to estimate the cost of this cable. 
Section of core 64,5 sq mm 



0,59 tons 

Jt*59 tons 

1079 sq mm 

1,2 

1,3 tons 

i;59 

4 mm 

6,1 tons per km 



Weight of copper per km 
Cost of copper per km . 
Section of insulation 
Specific gravity 
Weight of insulation per km . 
Cost of insulation at £45 per ton 
Thickness of lead . 
Weight of lead 
Cost of lead per km at £20 per ton . £122 
Total cost of material per km = £59 + £59 + £122 = £240. 
Taking the T.W.C. as 1,5 times the cost of material : — 
Cost of cable per km delivered by manufacturer is 
1,5 X 240 = £360, 
which is the cost given by Highfield. 

Cost of 135 km of this cable = £48 700. 
The cost of the underground construction may be estimated from 
Table LXXV., given in Chapter VIII., as follows: — 
For the alternating current system : 

40 km of two duct conduit 
110 km of single duct conduit. 
For the continuous current system : 

135 km of single duct conduit. 
Assuming a stone block paving for the road, or a macadam road 
costing about the same, the cost per duct-km for a single duct 
conduit is (from Table LXXV.) £500, and for a two duct conduit 
£300 per duct km. 
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ConscquenUy : 
For the alternating current system — M 

Cost of 84 km of 48,5 mm section cable . = 63 200 
Cost of 106 km of 82,*2 mm section cable . = 54 400 
Cost of 40 km two duct conduit at ^600 per 

km , . , , . . . . = 24 000 
Cost of 110 km single duct conduit at i'50O 

per km * , :^ 55 000 

Drawing; in 190 km of cable at 4'25 per cable 

per km ...,..,= 4750 
150 km of trench with six manholes per km 

at £20 each = 18 000 

Total . . . ^209 350 
Highfield gives £19D 000 as the total cost. 



For the continuous current system — 4* 

Cost of 135 km of tJ4,5 mm section cable . * 48 700 
Cost of 135 km of single duct conduit at iSOO 

per km 67 500 

Cost of pulling in 135 km of cable at 425 per 

cable per km 3370 

Cost of 135 X 6 manholes at £20 each • . 16 200 



Total 
Highfield gives £124 300 as the total cost. 



£135 770 



J 



The data on which Highfield based his generating station costs 
are set forth in Tables LXXVIL and LXXVIIL These data are 
open to the following crilieisms ; — 

I. Larger nnita should have been taken in the case of the 
alternating system and smaller units in the case of the continuous ■ 
current system. The largest sets yet employed in continuous 
current series systems are the 600 kw sets installed in 1906 for 
the MoutierS'Lyon plant, and each of these sets is made up of two 
300 kw generators. No other sots yet installed are of over 400 kw 
aggregate rated output. 

IL As a consequence of L, the cost for buildings should be less 
for the aUernatmg, and more for the continuous current system, 
than the values given by Highfield. 



PLATK XI. 



.E LXXIX. 





Total Capacity. 


14 000 Kw. 


37 600 Kw. 


110 Of 10 Kw. 


5^ 


No. of units and 
^ze (normal 
ratine) 


4 

3o00kw 
12 000Tolts 


6 
6 250 kw 

15 0(M) volts 


12 

920O kw 

20 (XK> volts 


Buildings, includ- 
ing? cliiniiieys 


£37 ttUO 


£85 000 


£240 iMJo 


Generatinj: p!ani 


£80 000 


£188 001> 


£4iM) 000 


Switcli gear . 


£5250 


£79iK) 


£16 7lM» 


a 


Boilers, auxiliaries 
and coal hand- 
ling? pumps 


£66 000 


£167 000 


£475 000 


M 


Total cost . 


£188 850 


£437 iMN) 


£1 221 7<X) 


< 


Cost per kw . 


£13,5 


£11,7 


£11.1 



K LXXX. 



ntd Cosis. 



p. 



i< 



Total Cai«i('ity. 


1 
14 0«W Kw. , 


No. of QiiitH and 
size (normal 
rating) 


- 24 

:,sr, kw 

4r> amperes . 
inoi) volts 


Buildings, includ- 
ing; chimiu'vs 


£50 (M)n , 

i 


Generating )»lant 


£1»;.SIMM) 


Switch gear . 


£2mM> 


Boilers, auxiliaries 
and conl hand- 
ling pumps 


.C74 000 j 

! 


Total c(»8t . 


^Mn) 0<Hi 


Cost per kw . 


"'■' ; 



37 50»J Kw. 

ii2 

6<M) kw 

135 amperes 

4.".00 volts 



llOOOOKw. 

184 

600 kw 

240 amperes 

2:>00 volts 



£120 (N)0 I £360 OuO 



€410 OIH) 



£ 1 200 0<X) 



£3IKM) 



£:»ooo 



£180 000 



£:)3:> ooo 



£713 0(M) 

£iy,o 



£2 HMMHMt 
"£li>;0 



'7'o l\iv 
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III. For the same reason this will also be the case with the cost 
of generating plant. 

IV. This is also the case with the switch gear, the cost of which 
is very dependent upon the number of units into which the total 
plant must be subdivided. 

V. Boilers, auxiliary and coal handling plant should, even in 
Highfield*s original plan, have been taken as of higher cost for the 
continuous current plant, since the larger number of smaller units 
entail greater steam consumption. Also the low efficiency of a 
constant current plant at light loads requires more kw hr to be 
sent out from the generating station for a given quantity delivered 
to the customers than with a constant pressure system. 

In this continuous current series system the load is varied by 
varying the voltage, whilst the current remains constant ; conse- 
quently the transmission system losses are also constant for all 
loads. Hence it is, that the efficiency of the transmission system 
is low at low loads and high at overloads. 

Figures revised to take these various considerations into account 
are set forth in Tables LXXIX. and LXXX. 

The cost of the sub-stations with a total capacity of 7000 kw was 
given by Highfield as £70 000 in each case. This figure is reasonable 
and may be taken uncorrected. 

Table LXXXI. gives the total costs as given by Highfield and 
Table LXXXII. gives the revised figures. 

From Table LXXXII. it is seen that, as regards capital costs, the 
continuous current system has, in this particular case, a small 
advantage over the alternating current system. If, however, the 
costs of the separate items are compared, it is seen that the cost of 
the generating station is very much less for the alternating current 
system, and that it is due only to the high costs of the transmission 
lines, particularly the alternating current line, that the total capital 
cost is lower for the continuous current system. 

Now, if the transmission were overhead (and this would enable 
us to use a much higher transmission voltage for the alternating 
current), the cost of the transmission line would be less than the 
cost of the sub-stations, i.e., less than Jb70 000 in each case, and 
although the continuous current line would again cost less than the 
alternating current line, the difference would not be by any means 
sufficient to offset the advantage on the alternating current scheme 
due to the lower cost of the generating station, which is £56 000 lower 
for the alternating current than for the continuous current scheme. 

H.E.E. p 
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With an ovorliead tranamiHsion^ consequeDtlj, the total capital 
cost would, for the case considered by Iliglifielcl, be less for an 
altenmtinf? current transmissiou system. 

As regards operalinj^ costs, the coiitiiitious current series system 
is also at a great disadvantage, as pointed out by several engineers 
who participated in the discussion, since the line loss is just as great 

TABLE LXXXL 

HiithJuliPs Total Otnita of Series S^fiti^m and of AlUrnaHng S^tem, 





A. a 


IVr Kw. 1 


c,a 


Per Kw. 


Power station of 7000 kw 
{A. C, includus step up 
trausformer) 
Sub-stations of 7000 kw , 
Line of 7000 kw . 
Total . 


£119 000 

£70 000 
£199 000 
£3H8 000 


£17,0 

£10.0 
£2S,4 
£55,4 


£140 000 

£70 000 
£124 220 
£334 220 


£20,0 

£10,0 
£17,7 
£47,7 



I 

I 



TABLE LXXXIL 
Bmrnd ToUU Cods of Series Sifdern atul of Alieniatimj S^tiUm. 



J 





A.O. 


PerKw. 


c. u 


PwKw. 


Power station of 7O00 kw 
(A. C. includes step up 
transformer) 

Sub-stations of 7000 kw . 

Line of 7000 kw . 
Total . 


£105 000 

£70 000 
£209 350 
£384 350 


£15.0 

£10,0 
£30,0 
£55,0 


£101000 

£70 000 
£135 770 
£366 700 


£23.0 

£10.0 1 

£1'J,5 

£52,5 



at light load as at heavy loads, and if the line is proportioned for, 
say, ft loss equal to 10 per cent, of the energy delivered to the line 
from the generating station at the rated load, *10 per cent, of the 
energy delivered from the generaliog station will be wasted in line 
loss at half load, and 40 per cent, at quarter load. 

In the parallel system, on the contrary, the line loss with 
decreasing load is a decreasing percentage of the total energy 
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transmitted. • Thus, if the full load line loss is 10 per cent., then 
the line loss at half load is only 5 per cent., and at quarter load 2^ 
per cent. If, for the two systems, the line loss is plotted as a 
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function of the load, the results, neglecting losses in transformers 
and motor generators, are as shown in Fig. 107. 

Thus for the series system the line loss has to be proportioned 
for a very small percentage loss at rated load. In the case worked 
out by Highfield, the line loss at rated load was 3 per cent. 

p 2 
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The traiismifision line would cost still more, for the continuous 
current system, were the ratio of the dielectric strengths for con- 
tinaousand alterniiting current;, and for a given insulating material, 
taken as 1,41 ; 1, instead of as 2 : 1. While the use of the latter 
ratio appears necessary in order that estimates for the continuous 
current system may compare at all favourably, no data worthy of 
seritHis consideration has yet heen brought forward in its supiKirt, 
8o far at least as relates to tests of the disruptive strength of air, 
while certain poiots on the carves obtained Ijy M. Thury bear out 
hiB contention, other points on these same curves show a ratio of 
only 1,4 : 1, and even less, as can be seen from Fig* 108, which 
shows these curves rearranged to facilitate comparison. The ratio 
is plotted in the lower row of curves as a function of the sparking 
distance. 

It will be noticed that, with the exception of the plate to point 
experiments^ the ratio is always less than 1,5 : 1. As is well known, 
tests on insulating materials are often very misleading, and the 
isolated tests mentioned in Ilighliekrs paper do not afford by any 
means suflScient evidence to justify the ratio of 2 : 1. 

The wliole issue of the commercial advantage of the continuous 
current series system for power transmission rests on this point ; or 
rather, this is one point which it is absolutely necessary to estabUsh. 
Hence it is the more surprising that, after the lapse of so long an 
interval, we are not as yet in possession of confirmatory data from 
many sources. Here is a matter which could with advantage be 
investigated by the National Physical Laboratory. In fact, in 
Mr, Ilayner^s paper recording the results of some investigations at 
the National Physical Laboratory ^ are given the results of tests of 
the dielectric strength of air and of certain materials when subjected 
to two different periodicities— namely, 30 and 50 cycles. The 
dielectric strength increased very distinctly with the frequency, 
but there appeared no conclusive ground for knowing that this 
might not have been due to change of wave form. Indeed, every- 
thing on record in this line of work emphasises the danger of 
drawing hasty conclusions. There must be no room for reasonable 
doubt, since such data must form the basis for the design of the 
insulation of transmission cables. 

There is ascribed to the continuous current system of working 
the further advantage that there is no dielectric hysteresis loss 



* Jouriial iDstitation Electrical Engiueora," vob 34, p. Obi. 
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in the material of the insulation. Here, again, we are touching 
upon a subject which has been much neglected, considering its 
great importance. The term dielectric hysteresis was suggested by 
Steinmetz in 181)2. To quote from that author's ** Theory and 
Calculation of Alternating Current Phenomena/* second etlition^ 
p, 145:-- 

** While the laws of magnetic hysteresis are fairly well understood, 
and the magnitude of the effect known, the phenomenon of tlielectric 
hysteresis is still almost entirely unknown. 

"It is quite probalile that the loss of power in the dielectric in an 
alternating electrostatic held consiBts of two distinctly different 
components, of which the one is directly proportional to the 
frequency, analogous to magnetic hysteresis, and thus a constant 
loss of energy per cycle, itulependent of the frequency ; wliile the 
other component is proportional to the square of the frequency^ 
aruilogous to tbe loss of power by eddy currents in the iron, and 
thus a loss of energy per cycle proportional to the frequency/' 

A good many physicists have worked at the problem since that 
lime, t)ut the practical man is still left without the necessary data 
for his purpose. F R losses in the insulation are frequently 
ascribed to dielectric hysteresis. This is a very natural error, in 
consequence of the rapid rate at which the true ohmic resistance 
of most insulating materials decreases with increasing tenii>erature; 
6° to 10° C temperature increase suffices, in most cases, to halve 
the insulation resistance* Thus we may, to fix ideas, say that the 
insulation resistance is halved tor every 8^ temperature increase, 
A 40^ C temperature rise is thus likely to halve the insulation 
resistance five times, the value at the 40'^' C Ingher temperature 

being of the order of ^^^ =: ^, or, say, something like 3 per cent, of 

its original value. There will always be a minute current flowing 
through insulations subjected to differences of voltage, and this I V 
loss, small as it may be initially, is located in a substance of very 
low thermal conductivity. If the internal iwrtions heat ever so little, 
the consequent decrease in insulation resistance will be followed by 
a greater current, a greater loss, and increased rate of heating, and 
this will he concentrated at the weakest point. This occurrence 
will often be suflicient to account for the breakdown, and it will 
not be any less serious with continuous current of a given effective 
voltage. 

As to the additional beating due to *' dielectric hysteresis," and not 
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occurring in continuous current systems, the practical engineer has 
but very scanty data for his work. The National Physical Labora- 
tory could render a service of great value by carrying out a series 
of exhaustive tests on these points. We must have some better 
explanation than has yet been vouchsafed, and a better supply of 
experimental data, before we can feel reconciled to the plan of 
cutting down the insulation thicknesses in cables for the continuous 
current series systems of power transmission. As it is precisely in 
the cost of the transmission line where this system must make up 
for its greater cost in other directions, notably at the generating 
station, it is clear that the commercial utility of the system is 
dependent upon whether or no 3000 volts per millimeter thickness 
of insulation gives a sufficient safety factor for cables for a 50 000- 
volt plant of this type. 

The matter of the safety factor which should be provided for 
cables employed in systems of different types, in itself constitutes 
a problem of great difficulty. For 11 000-volt three-phase trans- 
mission systems, at least double normal working pressure is 
invariably required to be sustained for one hour by the cable as 
installed. Are we to take a higher or a lower safety factor for 
cables for continuous current high-tension power transmission ? 

The inductance of the high-tension series line itself will be 
relatively small compared with the inductance of the machines and 
apparatus comprised in the series system. The inductance of a 
set of sub-station series motors of 7000 kw aggregate capacity on 
a line of, say, 100 miles length, will be of the order of at least 500 
henrys. It is hardly reasonable to suppose that human ingenuity 
can yet provide against occasional interruptions of the circuit while 
carrying full load current. Let us take this current at 70 amperes 
for a voltage of 100 000, and let us assume, for purposes of argu- 
ment, that the current is reduced in half a second from 70 amperes 
to zero, i.e., that it is reduced at the average rate of 140 amperes 
per second. Then the reactance voltage amounts to — 

,-.v X ^ X 500 X 70 = 100 000 effective volts. 
1,41 0,50 

At the instant of breaking, however, the rate of decrease of current 
will be much greater than the average rate, and the momentary 
voltage may thus be far in excess of the above figure. 

Few of us have escaped the experience of sustaining through our 
bodies the discharge of the field circuit of dynamos excited with con- 
tinuous Qurr-^^nt, Even in the case of small machines, the result i^ 
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of an order of violeuce correspoiidiiig to very many times the normal 
pressure across the field coils. iCecoUcctions of this sort will serve 
to confirm mathematical estimates of the order of magnitude of 
tliese induced volta«:;e8. It is to be anticipated that should a con- 
tinuous current series system on a really large scale ever be under- 
taken, "subtleties" will be much more in evidence than baa been 
the case with alternating current transmission systemfi. It is very 
much to be doubted whether the factor of safety of two, which has 
generally sufficed for alternating current plants, will not have to give 
place to considerably higher values in continuous current series 
power transmission systems when underground cables are used. 
In this case the chief point of alleged commercial advantage, 
naniely, the transmission line, will have to come in for radical 
reconsideration* 

In Field's highly illuminating paper, read before the Glasgow 
Section of the Institution of Electrical Engineers some few years 
ago, the frequent occurrence of breakdowns on continuous current 
systems was considered from the standpoint of a potential wave sent 
into a circuit on closing a switch. As this wave of potential 
advances into the new circuit, it is shown how the *' potential front/' 
in entering the apparatus in the circuit, subjects the insulation 
between turns and between layers to stresses many times in excess of 
the normal stresses. It is not necessary that the circuit be actually 
completely opened or completely closed, for, to quote from the 
paper : — 

** These potential fronts may be created at any point of the circuit 
by suddenly altering the potential at that point, e.g., by ahort- 
circtiiting, grounding, and the lilve." 

What could be more pertinent to the subject under consideration 
than the above statement ? To cut out motors in the series system, 
they are short-circuited. If it is a sub-station containing a couple 
of 4000-volt motors which is cut out of service, the instantaneous 
disturbance of the system is comparable to an abrupt and large 
change in the inductance of the circuit, and the nature of the 
consequences is well known. 

The possible immunity of the Thury systems, as so far installed, 
from troubles of this sort is not reassuring, for they are all small 
systems, ranging from 300 to 4000 kw total capacity each. In only 
two of them is the line pressure over 15 000 volts, and in only one 
of them are the individual generators of more than 400 kw rated 
capacity. Thus tlie inductance effects and the total pressures 
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involved are in no sense commensurate with the values which are 
being discussed in connection with prospective work, and it behoves 
engineers who contemplate going in for larger work with this system 
not to disregard the consequences of cutting the insulations too fine. 

Behrend*s views with relation to the Thury system are of con- 
siderable interest. On p. 45 of Gassier' s Magazine for May, 1907, 
there is recorded the following : — 

"In the category of ih^ forced ideas is to be placed the idea of 
transmitting large volumes of power by means of high potential 
continuous current. That such things can be done is unquestion- 
able, but it is equally unquestionable that to do them by means of 
high potential continuous current is unreasonable. The intuition of 
the experienced engineer, which is, as it were, the consolidated 
experience of many years, will guard him against becoming too 
deeply wrapped up in schemes of this sort. We heard of high 
potential continuous current when the problem of the best means 
of transmitting the power of Niagara was discussed ; we have heard 
of it again recently in connection with the transmission of power 
from the Victoria Falls. These are ideas which cannot hold their 
own, though they persistently crop up like weeds which woidd fain 
take the place of usefid vegetation.'* 



^^^^^^^^^^^ ELECTRIC TRACTION CALCULATIONS ^^^^^^^B 

^^ Sperd-lbne Dia(frams,— ln electric traction calculations it is con^^H 
' venieut to employ speed-time tHagmms, which are diagrams H 
comprising curves plotted with speed as ordinates and with time as H 
^ abscifiBfp, In Fifj. 100 is f^Wen a typical speed- lime diagram for a H 
H train operating over a lino with an average distance of one kilo- ■ 
H meter between stops. The diagram is jjlotted with speed in H 
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The mean speed induding stops is termed the ** schedule " speed. 

If, in the present instance, each stop is of 15 seconds' duration, 

then (100 -|- 15) = 115 seconds elapse from the moment of starting 

out from one station to the moment of starting out from the next 

station, and consequently the schedvle speed is only 

100 

— - X 36 = 31,3 km per hour. 

Importance of Brief Stops for Short and Fast Runs. — Had the 
duration of stop been 30 seconds, then the schedule speed would 
have been only 

100 



130 



X 36 = 27,7 km. 



The results for other durations of stops are shown in Table 

LXXXIU. 

TABLE LXXXIIL 

Showing^ for a 1 km Run at an Average Speed of 86 km per Hour, the 
serious Effect on tlie Schedule Speed of increasing the Duration of Stop, 



DtiFation of Stop. 


Schedule Speed. 


Ratio of Schedule 
Speed to Average Speed. 



15 
30 
45 
60 


36,0 
31,3 
27,7 
24,8 
22,5 


1,00 
0,87 
0,77 
0,69 
0,63 



With one stop per 2 km, but at the same average speed, the 
effect is far less serious, as also for one stop per km but with half 
the average speed — i.e., with an average speed of only 18 km per 
hour. These conditions apply in Tables LXXXIV. and LXXXV. 

TABLE LXXXIV. 

Shounng the Effect of the Duration of Stop for one Stop per 2 km and an 
Average Speed of 36 km per Hour, 



Duration of Stop. 


Sche<lule Speed. 


Ratio of Schedule Speed 
to Average Speed. 




15 

30 

45 

1 60 


36,0 
33,5 
31,3 
29,4 
27,7 


1.0 

0,93 

0,87 

0,82 

0,77 
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TABLE LXXXV. 

Showing tlie Effect of the DurcUion of Stop for one Stop per 1 Am, and an 
Average Speed of 18 icm per Hour, 



Danxtion of Stop. 


Schedule Speml. 


Ratio of Scbedole Speed 
to ATerage Speed. 



15 
30 
55 
60 


18,0 

16,75 
15,65 
14,7 
13,85 


1,0 

0,93 

0,87 

0,82 

0,77 



The effect of duration of stop for various stoppages and for 
various average speeds is shown graphically in the curves in Figs. 
110 and 111.. 

Alternative Speed-time Curves. — None of the relations to which 
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Fig. 110. Graphical Representation of the Degree of Importance of 
THE Duration of Stop, and the Number of Stops, on the Schedule 
Speed, for an Average Speed of 36 km per Hour and for Various 
Distances between Stops. 



allusion has as yet been made are affected by the substitution of 
alternative speed-time curves, so long as they all have the same 
mean ordinate from start to stop, and so long as the same time 
elapses from start to stop. 
Fig. 109 corresponds to an initial acceleration of 0,80 m per 
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Fig. 111. Graphical Representation of the Degree of Importance of 
THE Average Speed on the Schedule Speed for 1 Stop per km. 



Fig. 112. 



/fO 
















































< 
:? 60 






t 


■t 
















i 

^ 40 






-^., 


"^ 


::a 


0.455 m/si 


■c^ 








'it 






=: 




Sifi . 




.^S6 





n 


/ 




__ 


__, 


-- 


\V^ 


75., 





1 

^20 


asoi 


^ 


10 












\ 


\ 




to-^^ 




7 














'■ ^ 


\ 
























\ 





20 40 ^ 

Time in Seconds 



m 



too 



Speed-time Diagrams for a 1 km Run at an Average Speed 
OF 36 KM PER Hour. 
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sec per sec, and to a deceleration (during braking) of 0,75 m 
per sec per sec. During the latter part of the accelerating period, 
the acceleration falls off rapidly. This corresponds (in customary 
methods of electric traction) to the period commencing when the 
last section of series resistance has been cut out. This period is 
described as that of acceleration ** on the motor curve." For a study 
of this subject the reader must consult more specialised treatises.^ 

After completion of acceleration, the power is, for short runs, 
cut off, and the train coasts or drifts, the speed slowly decreasing 
owing to friction. At the conclusion of the coasting period, the 
brakes are applied with such a pressure as to produce the desired 
rate of deceleration. In the case of Fig. 109, the rate of decelera- 
tion is 0,76 m per sec per sec. 

In Fig. 112 are drawn a number of alternative speed-time curves 
of the same type and corresponding to the same average speed 
(36 km per hour) for a 1 km run from start to stop. It will be 
observed that the lower the rate of acceleration and of deceleration, 
the higher must be the maximum speed for a required average speed. 

In the curve in Fig. 118 a further modification is introduced. This 
consists in replacing the "coasting" period by a period during which 
constant speed is maintained by suitable control of the motoi power. 

In Fig. 114 the variable accelerating rate is replaced by a con- 
stant rate giving the same mean acceleration.^ Our speed-time 
diagram is now reduced to three straight lines. 



» See pp. 32, 62 and 66 of 
nobart). 

* The constant accelerating 
of the variable accelerating 
rate in Fig. 113, is best 
obtained graphically in the 
following manner : 

From the velocity curve 
in Fig. 115, an acceleration 
curve is plotted by taking a 
number of ordinates between 
t = and t = X, (x = time 
in seconds at which maxi- 
mum velocity is attained) 
and plotting the rate of 
increase in velocity at any 
ordinate. The mean height 
of this acceleration curve 
gives the mean accelera- 
tion in km per hour per 
sec during the period of 
acceleration. 

The straight line velocity 



** Electric Bail way Engineering*' (Parshall and 
rate in Fig. 114, which is to be the mean value 
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Fig. 115. Graphical Determination of the 
Value of the Mean Acceleration from 
THE Speed-time Curve. 
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In F'u^. 110 tlifi rates of acceleration and deceleration are taken 
equal and of a value conespooding to tho mean o! the two rates 
employed in Fig. 114. This diagram may he regarded hs a 
tolerably fair substitute for the diagram in Fig. 109, and is of a 
type more amenable to the purposes of extensive preliminary 
calculations. 

Ill Fig, 117 are given a number of diagrams of the type of 
Fig. lltj, and all correspooding to* the same conditions as regards 
average speed and length of run, hut with various accelerating 
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Fig. 11'?. Simplest Fohm of SpEEi>-TniE Diagram, 
1 Stop per km. Average Speed = 3*5 km per hour. 

rates and, consequently, various maximum speeds* We see that 
the minimum accelerating rate permitting of attaining the average 
speed of 36 km per hour with one stop per km is 0,40 m per 
sec per sec, and that this corresponds to a maximum speed of 72 
km per hour, r.t\, to a maximum speed equal to twice the average 
speed. 

Tractive liesistame at Constant S/>€i'ti.— Although the tractive 



I 



curve corresponding to this acceleration must now be drawn in, and using tho 
eamo velocity cur vf aH before for the breaking- period; the uniform maximum 
velocity Hue must be put in ut such a value tliut the area of the curve» and 
conseq^uently the average velocity over the whole period ^ ia the samo aa boforo. 




ELECTRIC TRACTION CALCULATIONS 



225 



resistance is a quantity which varies considerably with the type 
and condition of the rail, the velocity of the wind, the contour of 
the train and its mechanical design, and with the character of the 
permanent way, the rough mean values which have been ex- 
perimentally obtained are suflScient in calculating the energy 
consumptions for short runs, without introducing any considerable 
error into the results. This is owing to the circumstance that for 
short runs— say up to 8 km— at fairly high average speeds, the 
energy consumed during the accelerating interval is so large a 
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Fig. 117. Simplified Speed-time Diagrams for Different Bates 
OF Acceleration. 



percentage of the total energy consumption, that considerable 
inaccuracy in the data of tractive resistance at constant speed 
afifects the accuracy of the result to but a very small degree. The 
tractive resistance at starting is very variable, ranging from 7 to 14 
kg per ton. 

On the Central London RAilway the starting resistance was, on 
the occasion of certain special tests, ascertained to be some 9 kg 
per ton for a 113-ton train of seven cars. The exceptionally high 
value of 18 kg per ton has been observed on the City and South 
London Railway for a 26-ton train. 

For speeds ranging from 16 to 160 km per hour Aspinall givea 

H.E.E. Q 
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the following formula for obtaining the tractive resistance a? 
constant speed 



n ^ 1,12 + 



Ft 



250 + U,45 L 
where It = tractive resistance in Inlograms per ton 

V ^ speed in kilometers per hour 

L z^ leii^4li of the train in meters. 
The cnrves of Fig. 118 have been plotted, by means of this formula, 
for train lengths of 30, BOO and GOO meters. The resuUs obtained 
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Fomiiila.) 



during the recent high-speed tests at Zossen are shown in Fig, 119» 
together with the results obtained by Aspinairs formula for tlie 
Bame train length of 23 meters, (in this case, one coach). The 
weight of the coacli was 83 tons. 

In tube railways where there is only a small clearance between 
the tunnel walls and the train the tractive resistance is increased, 
as is shown by tlie following curves based on the results of tests. 

In Fig. 120, curve A gives the tractive resistance for speeds up to 
45 km per hour for a 26- ton train on the Central London Tube 
Railway* and curve B for a 130-ton train on the same railway. 
The iaiternal diameter of the tube is 3,5 meters, and the minimum 
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clearance between tube wall and train is about 15 cm. Curve C is 
for a 26-fcon train on the City and South London Eailway, 

From curves A and B an equation has been deduced in which 
there is a constant figure of 2,70 kg per ton, relating chiefly to 
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mechanical friction, and also a term depending upon the speed and 
the weight of the train. 

Thus n - 2,70 + 0,09 ^ 



W 



where 



^. houi 



U = tractive resistance in kilograms per ton 

I' = speed in kilometers per hour 

W = weight of the train in tons. 
The trials at Zossen have shown that at 65 km per hour, the air 
resiBiance and the mechanical resi stance aie about equal, and at 
160 km per hour the air resistance is about four times the 
mechanical resistance. 

The values obtained at Zossen are given Ijy the curves in 
Fig. 121. Aspinairs tests indicated that the air resistance would 
not equal the mechanical resistances until a speed of 130 km per 
hour had been reached. In these tests, however, the resistances 
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measured were those of the coaches hauled by the engine, which 
latter shielded the coaches to a certain extent and obscured the 
effect of air resistance. 

Although the length as well as the weight of a train should be 
taken into consideration in estimating the tractive resistance, as is 
done in AspinalFs formula, yet it is generally more convenient, in 
practice, to estimate the tractive resistance from curves such as 
those given in Fig. 122, where the weight only is taken into 
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Tractive Resist.^nce Curves for Different Weights 
OF Trains. 



consideration, and, if used with judgment, sufficient accuracy may 
be obtained with these more convenient curves. 

Table LXXXVI. gives for a number of railways certain partioalars 
of weight of train, length of train, etc., and shows that, witiii ^ 
exception of the abnormal experimental rolling stock at Zos8« 
weight per meter of train' length does not vary very oon^ 
so that the curves in Fig. 122 would give very moel' 
results as the curves in Fig. 118, where the length, ttod 
weight of the train, is the criterion taken. Gtoods tru 
form an exception to any such approximate conelusioF^ 

The curves for train resistance in tubes, given in 
only for speeds up to some 40 km per hour. For 




There will be, as in the case of a traio in the open^ a constant 
figure relathig chiefly to the mechanical reHisfcance per ton, and a 
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figure (depending chiefiy on the speed) for the air resistance per 
ton of train. 

The air resistance will increase at least as rapidly as with the 
square of die velocity, quite possihly as the cube, as the air being 
confined in front of and belli nd the train, and the clearance being 
only 15 to 80 cm between train and tube w* " ' re will be a 
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column of air sucked along with the train and a column of air 
pushed before it, the resistance pflfered being dependent on the 
length of the tube and the means of inlet and outlet of air. 

The author proposes the following formula as applicable to the 
ordinary designs of tube railways and trains : — 

li = Q + 0,3 jj. 

7? = tractive resistance in kg per ton 
]V = weight of train in tons 
V = speed i» km per hour 
In Fig. 123 the tractive resistance at constant speed in kilograms 
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Fig. 123. Author's Cctii\'es fok Tractive Resistance for a 200 Tox 
Train in Tube and in Open. 



per ton is plotted as a function of the speed in km per hour for a 
200 ton train. The lower curve A gives the tractive resistance per 
ton when the train is travelling in the open (this curve is the same 
as C in Fig. 122). 

The upper curve B gives the probable tractive resistance if the 
train were in a tube, and is plotted from the formula proposed above. 

Although curves plotted to give the tractive resistance in kilograms 
per ton at various speeds are in the form generally most convenient 
to the engineer, sight should nevertheless not be lost of the fact 
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tbat the more inBiructive way of considermg these questions is to 
employ the coefficient of friction. 

From Fiji. 1*^*2 we see that a 200 ton train on a well built level 
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track requires, at a speed of 100 km per hour, a tractive force of 
kg (i.t-., of 0,008 ton) per ton weight of train. 
In other wordn, a force equal tu 0,008 of the force necessary 
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raise the train vertically against gravity is required to move it at 
this speed on a well built level track. 



Thus the friction coeflScient is 0,008. CoeflScients of 
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(riction between smooth non-lubricated metallic surfaces are of the 
nature of 50 to 100 or more times as great, the value depending on 
the particular metals, on the contact pressure, on the smoothness 
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of the Barfaees in contact, and on oilier conditions. The coeflSctent 
of sliding friction of dynamo brushes on commutators rnnning at 
peripheral si)eed8 of these same orders of magnitude is some 0,2 
to 0,3, deimiiding hirgely on whether the brushes are copper (0/2) » 
graphite {0/2 to 0,3) or carbon (0,3), and on the particular grades of 
these materiftla and on the brush construction. 

Number of Sinpg and Ihtratifju of Stop. — The curves in Figs, 124 
to 127 show the various maximum speeds required in order to obtain 
certain values of the Schedule Speed for various jiccelerations. 
These curves have been worked out for distances of 1 km and 
10 km between stops and for duration of stop, of and 30 seconds. 

From these cuitcs (which are tiiken for extreme cases) it is 
plainly seen that for short runs, the rate of acceleration must l>e 
high if a high scliedule speed is required, and that» for a long 
duration of stop, it is inipoh^sible to attain a high schedule speed. 
For long runs, however, a low rate of acceleration is sufficient, and 
a moderately lonrr duration of stop has but little effect on the 
required maximum wpeed. 

In Figs. 128 to 131 are plotted curves (corresponding to the 
curves of Figs. 124 to 127), with acceleratinpf rates as ordinatesand 
with schedule sfjeeds as aimcissae. In the full line curves the 
maximum speed is limited to 1,5 X Average Speed, and this is a 
reasonable limitation. As a matter of interest, however, the dotted 
line curves, corresponding to a maximum sjieed equal to twice the 
average speed, have been added. 

The curves of Figs. 124 to IBl are sufficiently representative of 
the practical case although obtained by processes involving the 
aBSUinptions corresponding to the type of diagram in Figs. 116 and 
117. In so far as errors are introduced by these approximations 
they are chiefly of such a nature as to invoh'e a margin on the safe 
side in making estimates. The processes of carrying through 
estimates of this nature are discussed in considerable detail in 
Chapter IL of ** Electric Railway Engineeriug/' 

Traetlve Foree trith VayioNa Aveiieraiin*j Rates.— The full line 
curves in Figs. 132 and 133 show the relation existmg between the 
tractive force in kg i>er ton of train, to the time in seconds from 
the instant of starting ; the same relation being showni for various 
rates of acceleration. 

The tractive force here plotted is the sum of two tractive forces, 
the one required to accelerate and the other to maintain the speed 
against air friction and mechanical friction. 
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The dotted line curves in Fig. 132 show the speed attained at 
any time after starting and at any rate of acceleration, carves being 
put in for 50, 100, 150, and 200 km per hour. The dotted line 
curves in Fig. 133 show the distance travelled at any time after 
starting, and at any rate of acceleration, curves being put in for 
100, 500, 1000, 1500, 2500 meters. 

These curves apply to 200 ton trains, since the frictional resist- 
ances are taken to correspond with curve C of Fig. 122, but the 
frictional resistance is, during acceleration, and especially for high 
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Figs. 132—133. Tkactive Force for Acceleratixg. 

accelerating rates, so small as compared with the inertia resistance, 
that the data in Figs. 132 and 138 may be used without much error 
for other train weights. 

We now have suflBcient data to make rough estimates of the 
energy consumed at the train axles in operating trains on a level 
track at given schedules. The results are set forth in the full line 
curves of Figs. 134 to 142. 

To explain the process let us take the case of a run of 1 km 
from start to stop, at a schedule speed of 20 km per hour and with 
a stop of 30 seconds duration. Let the accelerating and braking 
rates be 0,8 meters per second per second. 
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Collecting together the conditions we have, 

Distance between stops , 1 kilometer 

Schedule speed 20 kilometers per hour 

Accelerating and braking rates ... 0,8 meters per sec per sec 

Duration of stop 30 seconds. 

Total time occupied by the journey (including 1 stop of 30 sees) 

3600 ,^^ 
= -5q- = 180 sees. 

Time occupied by journey (excluding stop) = 180 — 30 = 150 sees. 
Average speed attained 

= tItt X 20 = 24 km per hour. 

Time of accelerating and retarding periods = 8,8 sees. 
Maximum speed attained = 8,8 x 0,8 = 7,05 meters per second 

= 7,05 X 3,6 = 25,4 km per hour 
Average speed during accelerating period 

= -^ == 18 km per hour 

Tractive force per ton for accelerating (from Fig, 132) 

= 83. kg. 
Distance covered during acceleration = 

(8,8)2 X ^ = 31 meters 

Work performed during accelerating period 

= 83 X 31 = 2570 meter kilograms 

2570 _ . , , 
= -— = 7 watt-hours. 

Tractive force per ton at constant speed 

(from curve C, Fig. 122) = 1,7 kg. 
Distance covered at constant speed 

= 1000 — 62 = 938 meters. 
Work performed at constant speed 

= ^^ Jii-*'? = 4,3 watt-hours 
obi 

Total work performed during the whole journey 

= 7 + 4,3 = 11,3 watt-hours. 

The groups of curves in Figs. 134 to 142 have been plotted from 

the results of similar calculations for the various conditions. 

From this chart we may obtain, for any given distance between 

stops, any givQP duration of stop, any given schedule speed and 
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any given accelerating rate, the corresponding energy consump- 
tion at the axles in watt-hours per ton-kilometer and the 
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Fig. 144. ExEROY Expended at Axles and Maximum Ls'stantaneous 
Power for different Rates of Acceleration. Average Speed = 
51 KM PER hour. Length of Run = 2 km. 

"^rresponding average rate of consumption of energy at the axles, 
Uowatts. 
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rom caleulAtions Bimilar to the above, Fig. 143 has been 
prepared. This shows graphically the various steps in the calcula- 
tions for estimating the energy consaniption at the axles. ' As in 
alt the other figures the case of a 200-ton train is taken, and the 
cak'ukLions aro made for the particular case of a 2 km run, with an 
I average speed of 51 km per hour ; the energy consumption being 
shown for three different values of the rate of acceleration. The first 
important point to he noticed is that at a certain rate of acceleration 
the maximum instantaneous kw input to the axles is a minimum. 
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Pig. lU, Curves gitino tue Ovkiiall Kffictexcy ov Equipment, 

From Fig, 144 (b) this rate of acceleration is seen to he about 
0,0 m per sec per sec for tlie particular case considered. The awrfftj 
contsuniption at the axles for the whole run (Fig. 143 (m— o) ), 
however, decreases with hicreasing rate of acceleration, as is seen 
from Fig. 144(a). 

Both thefee figures were plotted from the values shown in Fig, 143 
and from values ohtained by calculations similar to those used for 
Fig. 143. 

The next step is to estimate the energy input to the trolley, that 
is, the total ener^^y supplied to the train, iocluding the useful 
energy (that given up to the axles), the energy lost in the motors 
and gearing, and the energy lost in the controlling rheostats. 
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The ratio of the energy given up to the axles (Figs. 184 — 142) to 
this total energy supplied is the overall efficiency of the equipment. 

The efficiency of the motors at their average load (including gear- 
ing) can be taken as 85 per cent, for a continuous current motor 
equipment suitable for a 200 ton train. That this is a reasonable 
value is readily seen by referring to the efficiency curves of modern 
continuous current railway motors. 

The overall efficiency of the equipment, however, is considerably 
lower, on account of the energy lost in the rheostats during the 
acceleration period. The chief factors which determine the value 
of the rheostat loss are the^ length of the acceleration period and 
the maximum velocity required. 

The curves in Fig. 145 show the overall efficiency of equipment 
plotted as a function of the average speed. The values from which 
these curves were plotted are representative of present practice 
with continuous current equipments. They are necessarily only 
approximate. Curves are shown for various lengths of run and for 
various rates of acceleration. As would be expected, the efficiency 
is higher the longer the run (as the necessary maximum speed 
for any given average speed will be less). The efficiency is also 
higher, the lower the average speed required. 

Applying these efficiency curves to the curves of Figs. 134 — 142 
(for input to the axles), the curves in Figs. 146 — 154 are obtained, 
which gives the input to the troUeyl The overall efficiencies are 
shown plotted in fine lines across the input curves. 

The ** energy input to the trolley '* curves are again reproduced 
in Figs. 155 — 168, and the average kw input to the trolley is shown 
by the thick lines across these curves. 

The above curves are deduced from considerations of continuous 
current equipments, but the total energy consumption curves 
(Figs. 146 — 168) may be used for single phase equipments, as, 
although the average efficiency of the motors is less, this is largely 
or entirely offset by the fact that there is no rheostat loss, the loss 
in the transformers being comparatively small. 

The more exact and exceedingly laborious methods of calculating 
from the precise characteristic curves of the motor employed in each 
individual case are described in Chapter IV. of " Electric Railway 
Engineering.'' 
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rotttieiMH, — xne train coosum| 
is» aB stated at the eonchision of the preceding chapter, sufficiently 
independent of the pariicular ByBtem of electric traction adopted in 
various casoa to justify the general employment of the values in 
Figs, 146 to 154, for 200-ton passenger trains, in all cases where 
the permanent way and rolling stock are of modern construction. 
From this point onwards, however, there must he taken into account fl 
in the calculations a numher of conditions with respect to which the " 
particular system employed exercises a considerahle intluence. 

No one who has followed electric traction developments during 
recent years can have failed to note the wide difference in the ^ 
individual capacities of the motors which are hecoming customary | 
in the three leading systems. Instances of three phase railway 
motors with a rated capacity of 1500 hp each * are now available; 
whereas the rated capacity of the largest continuous current railway 
motors is not over 550 hp. As to single phase railway motors, it 
is hecoming quite e\adent that 200 hp i>er motor is the highest 
rating which, in the present state of engineering knowledge, can be 
considered advisable. Indeed, Eeichel in March, 1907,^ exi>resaed 
the opinion that for single phase railway motors, '*a one-hour 
capacity of 180 hp jier single motor is, in general, to be regarded 
as the t xtreme limit, (/' no special means for ariijuial coulimj hij 
air di'cidatitni tnr provided^ Keichel further points out that *'it 
is not a Bimple matter to suitahly provide for the introduction of 

' See p. 277 of EMrtml Entjitteermg for February 20, I^MIS. 

* ** ELne Stumlenlcktung vmi \m P.S. fiir diu einzelnen Motor ist im 

teemeinen als aus^jtire Groiize auzusulien, wenii keioo bosoiidere kuustlicbo 

Kiihlung mit Friticliliilt Htaitfiudet, llio Zufuhruiig der Ltift Lst Im Motor- 

wageii nit'lit leickt, uiid dahor ist ea Lessor, ohno solche auszukommeii/* 

•* Zeitsckrift Yereines DeutsoEer Ingomeiu-e,'* yoL ^1, p. 1027. 
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air into the motor in the case of motor carriages, and hence it is 
preferable to dispense with forced draft." 

The 550 hp continuous current motors of the New York 
Central locomotives are hot of the enclosed type. Enclosed con- 
tinuous current railway motors of rated capacities of 400 hp 
each will, however, be no heavier than 200 hp single phase 
railway motors, assuming equal armature speeds at rated load 
in the two cases. In equipments for motor carriages, the upper 
limits should preferably be taken at 150 hp for single phase, 
300 hp for continuous current, and 400 hp for three phase. For 
customary purposes the most suitable sizes for equipments for 
motor carriages will generally be found to be 150 hp, 200 hp and 
250 hp in the three cases. 

In an article in the liailtcay Gazette for May 10th, 1907, the 
present author has indicated the misleading nature of the data 
which has been put forward by the advocates of single phase 
railways. It may not be amiss to point out here a few 
instances. 

(1) On p. 270 of vol. 36 of the Journal of the Inst, of Elec. 
Engrs., Schoepf states that " the Westinghouse single phase motor 
of 150 hp capacity weighs 2,46 tons, and a similar continuous 
current motor of equal capacity weighs 2,52 tons, which proportion 
is practically the same throughout the range of Westinghouse 
traction motors.** This works out at 16 kg per hp. In the Times 
Engineering Supplement for April 17th, Kelly quotes the weight of 
the 150 hp Westinghouse single phase motor as 2,72 tons, which 
is 18 kg per hp. Kelly on this occasion makes the following 
statement : ** The most enthusiastic advocates of the single phase 
system have never claimed that the motor was as light in weight 
or as low in first cost as the present 600-volt continuous current 
motor." Kelly is now chief of the department conducted up to a 
couple of years ago by Schoepf, and yet we have Schoepf asserting 
that the single phase motor is lighter than the continuous current 
motor and Kelly asserting that it is considerably heavier. Both 
Schoepf and Kelly are advocates of the single phase system. On 
p. 683 of Electrische Bahnen und Betriebe for December 14th, 1906, 
the weight of a Westinghouse 100 hp single phase motor is given as 
2,36 tons ; this is 23 kg per hp. Thus we have for Westinghouse 
motors of about the same rated capacity 16, 18 and 23 kg stated 
to be the weight per hp. 

(2) In a letter published in the Times Engineering Supplement 

H.B.B. R 
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for November 22ncl, 1905, Eichberg states that " Excepting the 
power transformer, the weight o! the alternating current equipment 
is practically the same as that of the continuous current for tlie 
I Baine working conditions. But, owing to the use of a power trans- 
fornittr, the total weight per car will be increased by about 2 per 
cent, for the normal city service.'* On p. 486 of the lldilwui/ 
Gazette for May 24th, 1907, Dalziel states that: ** As regards weights, 
these are not uf supreme importance in railway work, hut taking 
the actual practical weights of single phase motors, as apphed to 
veliicles, without any academic discussion as to whether forced 
ventilation has or has not been appHed to continuous current 
motors, or could, or coukl not be, it may be stated at once that 
motor for motor, on present designs, the weights are about equal. 
The transformer makes the equipments, as a whole, heavier tlian 
continuous current, but as it confers the advantage of perfectly 
flexibly and efficient speed control, besides reducing tbe pressures 
of all the working parts to a low value, reliable in working and 
safe to attend to ami nianipulate, it is worth its carriage." 

(3) Dawson has stated (p. 264 of Vol. XXXYJ. of the Jottni, 
JitsL Ela: Ktifjrn,} that " the weight of a 150 hp continuous current 
moton rated on tbe 1 hour 75^ C basis, is 2,7 tons, and the weight 
of a 115 hp single pliase motor rated exactly on the same basis 
is 2,4 tons. If we take the weights of two motor trucks, one set 
equipped with four 150 hp continuous current motors, the other 
with four 115 hp single phase motors — that is, simply the complete 
motor trucks^ we find that the wei^^hfc of the continuous current 
motor equipment would he nearly 26 tons as against 27 tons for 
tbe single phase equipment." Dawson passes over tbe fact, how- 
ever', that he is comparing an aggrogate of GOO hp of continuous 
current motors with an aggregate of only 460 hp of single phase 
motors, Furtliermore, the heaviest trucks employed under motor 
coaches equipped with contimiom vun-eat motors do not exceed 5,5 
tons each in weight, or 11 tons per pair of trucks, and even tbe 
240 hp G E G9 motor weighs with gear and gear case only about 
2,75 tons, or 11 tons for four motors. Thus a pair of trucks 
©quipped with four G E 69 motors, ne., with an aggregate of WO hp 
of n^otors, will weigh only 22 tons. The 26 tons stated by Dawson 
to bo tbe woight of two trucks carrying 600 hp of continuous 
current motors ia altogether unreasonable. A pair of trucks 
carrying four 125 hp (I R 66 motors, i\e., an aggregate of 500 hp 
of coiitinuiius current motors^ weighs only 18,5 tons. If Daw8on*s 



I 
I 
I 
I 



TRACTION MOTORS AND ELECT EIFI CATION OF RAILWAYS 243 



figure of 27 tons is correct for the weight of a pair of trucks carrying 
ail aggrtigate of only 460 hp of single phase motors, he has certainly 
not made a point lor the single phase system. 

Ample material is available far canclucling that the weight of an 
utnenfiltitM and correctly rated 150 bp 25 cycle single phase 
motor is, at the present stage of development, not less than some 
26 kg per lip for an armature speed of 500 rpra at rated load. 
This is when rated on the basis that at the end of one hour during 
which it has been carrying its rated load> the thermometrically 
determined temperature rise of the hottest accessible interior part 
is 75^ C. We have ample data for knowing that the weight of tlie 
corresponding unrcntiiatfd continuous current motor designed in 
the light of modern practice, and for the same speed at its rated 
load, is some 13 kg per hp. In both these cases the weights areJ 
exclusive of gear and gear case. To allow for gear and gmir case, 
some 15 jxir cent* may be added to the weight for continuous 
current and some 8 per cent, for single phase motors. 

The Out' Hour liatimj, — ^The maximum output which a traction 
motor is called upon to develop is several times greater than its 
average output during the time in which it is in service ; but this 
maximum output is only required for a few seconds, and usually 
only at periodic intervals of a few minutes. The average output of 
the motor is too low a figure, however, to serve as a basis for the 
rating of traction motors, and also gives little idea of the maximum 
outjmt required of the motor. The empirical basis of a one hour 
constant output sufficient to cause a maximum temperature rise of 
75 ' C at the end of this iiour has been widely accepted as the basis 
u|>on which to rate traction motors. The value of this one hour 
Trafcing will be dependent on the following properties of the motor: — 

(1) The efticiency of the motor without gear; 

(2) The weight of the motor without gear j 

(3) The provisions for ventilation. 
Let us consider the inllueoce of these three factors upon the 

rated output of the motor* 

(1) The JK/?irtr//c//.— The energy, 
losses of the motor, is expended in 
motor. Neglecting the loss of heat by radiation and conduction to 
the circulating air, the rise in temperature is directly proportional 
to the value of the internal loss. 

(2) The Wehjht,--\]m\BV the conditions as above stated, the 
average temperature rise will, for a given value of the internal loss, 



represented by the internal 
heating the material of the 
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be invGrsely proportioual to the weighfc of the motor. A large motor 
will require oioie lieat energy to raise it to a given temperature 
than will be required in the case of a small motor* The con- 
sequence of this as regards the ratio of the one hour rating to the 
Bervjce capacity ik discussed in the section at the foot of this page, 
entitled *' The Service Capacity," 

(8) The Ventdution. — Ventilation enables more energy to be 
expended in the motor without overheating it, since much of the 
heat will be conducted away by the circulating air. It is preferable 
to give the motors natural ventilation only, Le., to limit the openings 
in tlie case io very small apertures. The armature core should, 
however, be provided with ducts, in order that there may be a 
circulation of air through all internal parts of the motor. Aper* 
tures in the casings of the motors are only allowed when there is 
no danger of mud or water entering the motor, and, in general, a 
totalli/ enclosed motor is to be preferred. Single phase motors, 
hov\ever, and in a few cases continuous current motors, are, in the 
more recent designs, often provided with an artificial circulation of 
air by forced draught, the natural circulation due to the armature 
being reinforced by a draught of au" through the motor from a fan 
equipment. 

The SfijTicv Capacitt/. — The one hour rating, although the only 
basis of rating which is sufficiently simple to permit of comprelien- 
sive comparisons, is nevertheless by no means a satisfactory 
criterion of the service capacity of a motor when installed on loco- 
motives or cars and running uiuler actual service conditions. 
While service capacity depends but slightly on the weij^bt, it is very 
dependent upon the ventilation facilities provided for carrying away 
the heat developed in the motor as a consequence of the iron and 
copper losses in it. Of two motors which rate equally on the one 
hour basis and are equally ventilated, the lighter will have the 
greater servkr capacity. For this reason the service capacity of 
motors of totally distinct type cannot be deduced from a comparison 
of their one hour ratings. The latter is only quantitatively useful 
in establishing comparisons between motors of the same type. 
Thus, if the single phase equipments would do as much per ton in 
sen ice as continuous current equipments, the fact that they rate 
lower on the one hour basis would not even be worth mention. 
As a matter of fact, however, they are worse when compared 
rigorously on the basis of their actual service cajm^itt/ than when 
compared on the basis of their one honv rating^ inasmuch as in the 
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hoar's ran the greater part of the heat is ased in raising the 
temperatare of the motor, so that the heavier the motor the higher 
it will rate, whilst in service the temperature becomes steady and 
all the heat has to be got rid of by ventilation. Since, however, a 
rigoroas comparison on the basis of actual service capacities is so 
elaborate an undertaking as to preclude arriving at broad con- 
clasions, and since furthermore the single phase motor is favoured 
by basing the broad comparison on the one hour rating, the latter 
basis of rating is employed in the following investigation. 

A Companson on the Basis of the One Hour Rating, 

The efficiencies at rated output do not vary greatly for the 
different types of motors, but this comparatively small difference 
has an appreciable effect on the weight. For every ton of material 
in a ventilated motor (i.€., in a motor which, while provided with a 
few small openings, does not have air forced through it) running 
at, say, 500 rpm, some 4700 watts must be expended in order to 
occasion, in one hour, a thermometrically determined temperature 
rise of 75° C above the temperature of the surrounding atnioHphoro. 
If the motor is provided with forced draught, some 6G00 watts per 
ton must be expended. With these figures as a basis, let us see 
what hp output (one hour 75° C) can be obtained from a motor 
weighing 2,5 tons without gear, and to run at 500 rpm. The output 
will, of course, be different for the three types on account of the 
different efficiencies, and so we must deal with oach tyi)o m^paratoly. 

(a) Continuous Current Motor of the Ventilatrd 7//;>c.— The 
weight of the motor without gear is 2,5 tons. The total intc^rnal 
loss at rated load will be 4700 X 2,5 = 11 250 watts. A modern 
continuous current motor of such a size will have an (jnicioncy 
(without gear), at rated load, of about 93 per cent. ThuH thi^ Iohh of 
11 750 watts is some 7,0 per cent, of the total input. Consequontly 
the input in kw = 

11750 X 100 ,.Q, 

-ffi^iooo- = ^^« ^^^• 

The output in kw to the gear will be 168 X 0,9» = 15(5 kw. 
Assuming a gear efficiency of 96 per cent., the output to the axle 
will be 150 kw. This is the rated output and, expressed in horse 
power, is equal to 200 hp. The weight is thus 12,5 kg per hp of 
rated output. We thus see that a 200 hp 500 rpm contmuous 
current motor of the ventilated type will weigh about 2,5 tons. 
In order to confirm this conclusion, let us compare these figures 
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with the ascertained data of two well-known motors, which are 

designated as G E 69 and G E 66 respectively. 

G E 69. Rated output (one hour 75° C) 240 hp. 

179 kw. 

Efl&ciency at 240 hp 550 v. . 93,3 per cent, excluding 

gear. 

Gear loss . . .4,5 per cent, of input. 

Efficiency at 240 hp (with gear) 88,8 per cent. 

179 
Input in kw = g-^gg = 201,5 kw. 

Loss in motor (100—93,8) per 

cent. = . . . .6,7 per cent, of input. 

= 13,5 kw. 
Weight without gear and case 2,51 tons. 

1 ^ 'lOO 

Watts per ton = ^ .. = 5380 watts. 

G E 66. Eated output . . .125 hp. 

93,3 kw. 
EflBciency at 125 hp . 92,8 per cent, including 

gear. 
Gear loss . . .3,5 per cent, of input. 
Efficiency at 125 hp (with 

gear) .... 89,3 per cent, of input. 

Input in kw = q ^l^g- = 104,5 kw. 

Loss in motor 100 — 92,8 = 7,2 per cent, of input. 

= 7,53 kw. 

Weight without gear and 

case . . . .1,8 tons. 

7 5 SO 
Watts per ton = Vir = ^200 watts. 

(h) Single Phase Motor of the Ventilated Type. — The weight of the 
motor without gear, is, as before, taken equal to 2,5 tons. Also, as 
this weight of material is to be raised to the same temperature as 
in the case of the continuous current motor, the internal loss must 
be the same, i.e., 4700 X 2,5 = 11 750 watts. The efficiency (with- 
out gear) of a modern single phase motor is not greater than 87 per 
cent., thus the loss of 11 750 watts is some 13 per cent, of the total 
input, or the input in kw = 

11 750 X 100 ^^ ^ 1 
-13-X-lOO - = »^'^ ^^- 
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The output to the gear, in kw, will be 90,5 X 0,87 = 78,5 kw. 
Assuming a gear eflSciency of 96 per cent., as before, the output to 
the axle will be 75,0 kw. This is the rated output, and, expressed 
in horse power, is equal to 100 hp. The weight is consequently 
25 kg per hp of rated output. 

(c) Three Phase Motor of the Ventilated Type. — As before, the 
weight of the motor without gear is 2,5 tons. The internal loss, 
as before, is 4700 X 2,5 = 11 750 watts. The eflSciency (without 
gear) of a modern three phase railway motor of this size may be 
taken at 94,8 per cent., thus the loss of 11 750 watts is some 
5,7 per cent, of the total input, or the input in kw = 
11 750 X 100 ^_ , 
5,7 X 100 = 2^^ ^^- 

The output to the gear in kw will be equal to 206 X 0,943 = 
194 kw. Again assuming a gear eflBciency of 96 per cent., the 
output to the axle will be 186 kw. This is the rated output, and, 
expressed in horse power, is equal to 250 hp, or a weight of 10 kg 
per hp of rated output. These results are brought together in 
Table LXXXVII. :— 



TABLE LXXXVIL 

Hated Output of Motors of different Types hut of equal Weight and for equal Speed of 
500 rjnn ; Ventilated, but not with forced Draught, 



Type of Mi)tor. 


W.M«ht of Motor 
without Gear 
(Metric Tons). 


Atisnmed efficiency 
without Gear, at 
Rated Output. 


AMiimed 

efficiency of 

Gear. 


Rated hp on 

lhr75^C. 

Basiv. 


Weight in kg, 

|)er hp of 
Ratwt Outpnt. 


Cont. Curr. 
Single phase 
Three pliase 


2,5 
2.5 
2,5 


93,0% 
87,0% 
94.3% 


96% 
96% 
96% 


200 
100 
250 


12,5 

25,0 
10,0 



Thus we find that for motors of equal weight, and for equal 
ventilating provisions, the continuous current motor will have 
double the output of the single phase motor. Also, that the three 
phase motor will have one and a quarter times the output of the 
continuous current motor. 

Let us see whether these results are confirmed by the actual 
weights and outputs of o^^isting motors, In Tfible LXXX.VIII, thQ 
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rated hp, total weights and weights per hp are given for three 
the largest and most modern single phase motors, for three modern 
continuous current motors, and for three three phase motors. The 
average values of the weight, in kg per hp, are some 17 kg for singl 
phase, 11 kg for continuous current, and 10 kg for three phasawl 
The nine examples in this tahle were selected, as representing the 
most modern practice, from the larger Table XC, which inchides, 
besides many other examples of motors, columns setting forth the 
weight of complete electrical equipment. Our estimated fignre for 
the three phase motor is in correspondence with the average value 
for existing motors, i>., some 10 kg per hp. The estimated figure 
of 12,5 kg per hp for continuous current also corresponds well with 
the average for existing motors. The most modern continuous 
current motors are even lighter, occasionally having a weight per 
hp as low as 10 kg. The estimated figure of 25 kg per hp for 
single phase motors is much higher than the average of the three 
set forth in Table LXXXYIIl., which is some 17 kg per hp. It 
must be remembered, however, that the above figure of 25 kg per 
hp refers to a motor provided only with natural ventilation, whereas 
the single phase motors taken as examples for Table LXXXVIIL 
are provided with forced draught. This, together with their higher 
armature speeds, accounts for the relatively low figure for the weight 
per hp, 

TABLE LXXXVIIL 





Daia of Bejffemitntive 


Itixilitay Moion* ■ 






'id 


1. 


u 


lli ' is 




Byvtem. 


Tfpe of Motor. 


* 1 




111 




lUitwajr ftn whirli MoUir 






lUy 




a 
25 


is 

2,4 






Single phme 


A. E.G. W.E, 51 


20,8 


Lond^rn B. 8. Coast Rt. i 


AUunuiiiDg 


JSiemeiis Schuckcrt 


175 


700 


25 


2,77 


15,8 


Fk'vsham-Marcaniljc M. Jtj, 




Oeriikon 


200 


^Bii 


15 


3,38 


16,9 


Seebich Wettiugen Hy. 


Continaous 


G.E. m 


175 


, , 





2,16 


12,3 


Boelon KU'vatisI Hv. 


corretit 


G.E. ftlte 


2n 


470 


— 


2.5 


10.8 


New York Ccntml K>% 




G,E. 69B 


240 


53U 


— 


2»5I 


10,4 


Metroi>olitan Disjtrict Rj^. 


Three phiMK; 


Siemens k Halske 


250 


mo 


50 


3,2 


12,8 


Mil n on f cik I - Zossen 




Gam. A: Vo, 


mo 


ISO 


25 


2,7 


J*,0 


Tender fur Metroptilitan 




Gftnz & Co. 


1600 


225 


15 


13,1 


8,7 


Bimplon and ValtcUivia 



I 



For lefereacea see Table XC. 




TRACTION MOTORS AND ELECTRIFICATION OF RAILWAYS 249 

In the published descriptions of single phase motors, it is not 
always clearly stated in what way the motors are ventilated ; thus in 
one case the 175 hp Siemens Schuckert motor is described as having 
** artificial ventilation *' (Kiinstliche Kiihlung), but whether or not 
an external blower is provided is not stated. But in another 
instance (in the Seebach-Wettingen Locomotive) this same motor is 
cooled with a forced draught.^ In some cases the information is 
more definite ; thus, referring to the New York, New Haven and 
Hartford locomotive equipped with four 250 hp Westinghouse single 
phase motors (see Table XC, No. -8), McHenry, the Vice-President 
of the N.Y.N.H. & H. Railway, writes thus :— 

** The four main traction motors, the high potential transformers 
and the main circuit rheostats are cooled by air furnished at low 
pressure by means of two motor-driven centrifugal blowers, which 
draw air through openings in the cab. The low-pressure air has 
two paths. One path passes first through the transformer and 
then to the rheostat. The other path goes directly to the motors. 
It enters the armature near the shaft, passes around and between 
the armature laminations, flows outward through the ventilating 
ducts in the field cores, and reaches the outer air through perforated 
caps on the frame of the motor. Since a considerable volume of air 
is required for each motor, and since it is undesirable to cause the air 
to assume a high velocity, it has been necessary to provide a large 
flexible conduit between the air passages on the cab and those on 
the motors proper. The flexible conduit is made of heavy canvas 
tubing, which is reinforced with wire and given an accordion 
pleating. By the use of the air blast, the temperature of the motors 
under load has been so decreased that the continuous rating (200 hp) 
is nearly equal to the one hour rating (250 hp)." ^ 

If we assume that all three types of motor are ventilated with 
forced draught, then for the same temperature rise, we can expend 
about 6C00 watts per ton instead of 4700 watts. The hp outputs on 
the 1 hour 75° C basis will now be somewhat different. They will 
be as follows : — 

(a) Continuous Current Motor with Forced Draught. — The total 
losses will be 6600 X 2,5 = 16 5C0 watts. Assuming the efficiency 
to be the same as before, i.e., 93 per cent., the total input will be 
16 500 X 100 



7 X 1000 



= 236 kw. 



1 Electrical Engiveering, Vol. III., p. 679. 

« The RnUway Gazette, August 30, 1907, p. 205. 
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The output to gear will be 236 X 0,98 = 219 kw. And assuming 
a gear efficiency of 96 per cent., the output to the axle will be 
210 kw, and the rated horse power output will be 280 hp, or a 
weight of 8,9 kg per hp output. 

(h) Single Phase Motor ivith Forced Draught. — The total loss 
will, as in the case of the continuous current motor, amount to 
6600 X 2,5 = 16 500 watts. Assuming the efficiency to be, as 
before, 87 per cent., then the total input will be 
16 500 X 
13 X 



^^^-127kw 

1000 -■^^^^^• 



The output to the gear will be 127 X 0,87 = 110,5 kw. And 
assuming a gear efficiency of 96 per cent., the output to the axle 
will be 106 kw, or the rated horse power output will be equal to 
142 hp, or a weight of 17,6 kg per hp of rated output. 

(c) Three Phase Motor with Forced Draught. — The total loss is 
6600 X 2,5 = 16 500 watts. Assuming the same efficiency as in 
the previous case, i.e., 94,3 per cent., the total input to the motor 
will be equal to 

16 500 X 100 ^^^ , 
5,7 X 100 = 2^^ '^^• 

The output to the gear will be 290 X 0,943 = 274 kw. And 
assuming a gear efficiency of 96 per cent., the output to the axle 
will be 263 kw, and the rated horse-power output 350 hp, or a 
weight of 7,15 kg per hp. 

Collecting these results in tabular form we have the following : — 



TABLE LXXXIX. 

lUift'd OatjnU of Motors of different Types, biU of equal IFeighty and for equal Spfed 
{naiiHhjy 500 rpm) with forced Draught, 



TyiM? of Motor. 


1 

Wci^lit of Motor Aasiimed t-fflciency 
without j^ear 1 (without G«*ar) at 
(Metric ToiiH). 1 Hated Output. 


Assumed ! Rated hp on 
crtlciency of \ 1 hr 75 C. 
Gear. j liasiH. 


WeiKht in kg 

p«r lip of 
Rated Output. 


Continuous 

current 
Single phase 
Three phase 


2,5 

2,5 
2,5 


93,0% 

87,a/o 
94,3% 


96% 

96% 
96% 


280 

142 
350 


8,9 

17.6 
7.2 
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The figure given in the above table for the continuous current 
motor is distinctly lower than any of the figures given in 
Table LXXXVIII., since these last do not refer to motors provided 
with forced draught. The figure for the single phase motor, on 
the other hand, compares very closely with those given in 
Table LXXXVIII. Thus we have, for a single phase motor, 
weighing 2,5 tons, and provided with forced draught, a rated 
output of 142 hp, or a weight of 17,6 kg per hp. The average 
value in Table LXXXVIII. was 17,0 kg per hp. Let us compare our 
estimated values of Tables LXXXVII. and LXXXIX. with those 
given in Table LXXXVIII. Take for example the continuous current 
motor designated as GE 69 B, and rated (on the 1 hour, 75° C 
basis) at 240 hp. This motor weighs only 2,51 tons without gear 
and gear case, or a weight of 10,5 kg per hp. The case of this 
motor has small openings for providing natural ventilation. The 
weight per hp decreases slightly with increasing output, and con- 
sequently our figure of 12,5 kg per hp, given in Table LXXXVII., 
compares very favourably. The eflBciency (without gear) of 
this motor is 93,3 per cent, and the efficiency of the gear 
is 95,8 per cent. As an example of a single phase motor, let 
us take the AUgemeine Elektricitats Gesellschaft's W E 51 115 
hp motor, which weighs 2,4 tons without gear and gear 
case, or 20,8 kg per hp. This motor is of the artificially 
ventilated type, and consequently we must compare the weight 
per hp with our figure of 17,6 from Table LXXXIX. The 
efficiency (without gear) of this motor at rated load is 86 
per cent., and the efficiency of the gear is about 96,5 per 
cent. 

In Figs. 164 and 165 are drawn to the same scale (1 to 24,4) 
outline sketches of the G E 69 B and the WE 51. It is evident 
from the figures that the WE 51 is actually the larger motor, 
although it has only lialf the capacity. 

The Siemens-Schuckert series motor, which is rated at 175 hp, 
has a weight of only 2,77 tons without gear and gear case, or 
15,8 kg per hp. This is, however, a larger motor, and runs 
at a 30 per cent, higher speed than the 2,5-ton motor of 
Table LXXXIX., which is rated at 142 hp with forced draught. 
The two motors, the G E 69 B continuous current motor and 
the Siemens-Schuckert 175 hp single phase commutator motor, 
are, so far as the author is aware, the lightest for their 
(1 hour 75^ C) output, of the respective types so far as relates 
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to aitthentkated weights. The tliree phase motor o! the Ganz Co., 
rated at 300 hp, weighs 2,7 tons, or only 9 kg per hp. This 




figoro eomparen well witli our estimated figure of 10 kg per hp for 
a 250 hp motor weighing 2,5 toun. 
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In Table XC. will be found many other examples. The table 
also includes weights of equipments. In column R, the weight of 




motor (without gear) per hp per 500 rpm is given. In column S, 
the figure known as " Valatin's Weight Coefficient "^ is given. The 

> See ** Electric Railway EngineeriDg," Parshall and Hobart, pp. 372 — 375. 
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figures in IheBe cohimns give a good idea of the reklive utilisation 

of material in Ibe motors. 

A8 regards the jM^wer consumption of any railway, the precise 
efficiency of the motors is not very important per se, as the losses 
in the motor itself are very small in comparison with the losses^ 
in tranamission and control- Nevertheless, the internal losse 
determine the heating, and consequently, as has been shown, 
have a preponderating iuttiience on the rated output and the 
service capacity of the motor. Thus the lower efficiency of 
the single phase motor as compared with that of the continuous 
current motor, thougli it has hut little effect on the overall 
efficiency of the equipment, is the chief cause of the very much 
greater weight of the single phase motor for a given rated 
output. Since the efficiency of the three phase motor is some- 
wliat liigher than that ol the continuous current motor, the latter 
is somewhat heavier than the three phase motor for a given rated 
output. 

In further confirmation of the very low weights which are being 
obtained in three phase railway motors, it is of interest to quote 
from an abstract of a recent article by Yalatin. The abstract was 
published on p. 277 of EIretrmtl Ewfua'arimj for Febrnary 20, li>08, 
and is to the effect that some of the Ganz Electric Co.'s rec€;nt three- 
phase locnmntives are provided with three ranges of speeds, and that 
the 8-pole motor of a locomotive of this type, built for the Italian 
State Ihiilways, has a capacity, on the one hour rating, of 1500 hp, 
and a weight of 13,4 tons (metric), and at a speed of *220 rpm. 
While building new locomotives of thesauie type, the manufactarers 
have recently found it possible, through some changes in the design, 
to increase the rating of the motors by 20 per cent* to 180<J hp, 
while the external dimensions and the speed of tlie motor remain 
unaltered. Another 8-pole motor of similar construction, designed 
by the Ganz Electric Co., developing 1100 hp on the one hoar rating 
at 3000 volts, 15 cycles, and 220 rpm., weighs 10 metric tons. 
Neither of these motors lias forced draught. This last motor is 
suitable for a comparison with the single phase motor of the 
Pennsylvania locomotive, since neither the weights nor the speeds 
of the two motors differ materially. The capacity, on the one hour 
rating, of each motor of the Pennsylvania locomotive is stated to be 
500 hp, the tractive force at rated load and normal speed is given 
at G;7 metric tons, and the diameter of the drivers is 1830 mm. 
Frnui these data the speed of the motor is seen to be 2S[i rpm. The 
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chief data of the two motors are then as shown in the following 
Table:— 





1 

Single Phase Motor. Three-Phaae Motor. 


Rated capacity in hp 
Weight, in kg . 
Revolutions per minute . 
Weight in kg per hp 


500 
8800 
236 
17,6 


1100 
10 000 
220 
9,1 



From this Table it appears that the weight, for equal speed, of 
the single phase motor is double that of the corresponding three 
phase motor; that is to say, the three-phase motor will develop 
more than double the power of the single phase motor at the same 
weight and number of revolutions per minute. Moreover, the 
single phase motor has forced draft while the three-phase motor 
depends solely on natural ventilation. 



B. Weight of Extra Equipment 

There is much difficulty in obtaining reliable figures for the total 
weight of electrical equipment. Weights of "electrical equipment " 
are occasionally given in descriptions of railway rolling stock, but it 
is seldom definitely stated what is included in these weights. The 
figures given in column / of Table XC. represent the weight of 
equipment per motor, and this weight may fairly be taken as 
including the motor with gear and gear case, and the weight of the 
extra equipment j;er viator. The extra equipment should include 
controllers, switch gear, resistances, transformers, wiring and any 
auxiliary apparatus, including the current collecting apparatus. 
When making comparisons, the weight of the pneumatic and other 
braking equipment should be excluded from the above weight of 
"electrical equipment." It is impracticable to set up any general 
rule for calculating the weight of equipment for the various systems, 
and consequently it is proposed to make comparisons between the 
figures given in Table XC. These figures for the weights of electrical 
equipment have been collected from all available sources, and have 
been corrected and checked at every opportunity. We can only 
compare them with one another in a general way, however, since, 
as above stated, it is not always apparent just what is included in 
the term ** electrical equipment." 



I 
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The first two examples of Table XC. are those given by SpragOB 
in his recent paper before the American Institute of Electrical 
Enj^ineers.^ The first is a four motor equipment, each motor 
(G E A 605) lieing rated at 75 hp 25 cycles 700 rpm. The total 
weight of equipment per hp works out at 36,6 kg, and the weight of 
extra equipment (i\^,, excluding the geared motor) at 11 kg per hp. 
In cohvinn M, tlie weight of extra equipment per motor is expressed 
as a percentage of the weight of the geared motor. In this case the 
figure is 44 per cent, The weights given in this and the following 
case inchule only those items specilied on p. 256* The second 
example is also a four motor equipment, the motor (in this case a 
Westiughouse motor) being rated at 75 hp, 15 cycles, 700 rpm. 
The total weight of equipment per Iqv works rnit at 40,6 kg, and the 
weight of extra equipment at 15,1 kg per hp* This higher weight 
is probably accounted for by the extra weight ai the transformer for fl 
15 cycles, as compared with that fur 25 cycles in the first case. The 
motor itself is somewhat lighter in the second case, and the extra 
equipment per motor weighs GO per cent, of the weight of the geared fl 
motor There is, however, little difference between the total weight of 
equipment, whether a frequency of 15 cycles or 25 cycles is employed. 

As a further example let us take the two motor equipment of the 
Heysham-Morecarolje line of the Midland Ihiilway. Each of the 
Siemens motors, of which four have been supplied to this road, 
has a rated output of 175 hp, and the total weight of equipment 
appears to be'^ 31,4 kg per hp.*' The weight of the extra equip- 
ment per motor is thus some 83 per cent, of the weight of the 
geared motor, or 14,8 kg per hp. Very full particulars have 
been pul>lished of the two motor equipment of the Eotterdam- 
Hague motor coach. As at Heyaham, the motors are of the 
Siemens -Sehuckert compensated series type, and are rated at 
175 hp each* In this case the total weight of equipment works out 
at 42,9 kg per hp-— much heavier tban the corresponding figure 
given by Dalziel for the Heysham-Morecambe equipment. The 
weight of the extra equipment per motor is some 150 per cent, of the 

' AJ,E.E. Proceediu^s, July, 1907, p, IIHS, 

* 8e<3 DalzLtfrs letter iu thf» 'fittuf Engttterrintj Snjfphmetd for April 17 1907, 

* The Hail Wit tj (htzdtt fur Jun*3 ltl» 1SH)8* has fip|n»aT<?d since tb** aWve data 
was ofimpiled atid in im iirtide deacribing; the lleysham-MorecJimbe line» it 18 
stated thtit the (>n^^-hollr T.'j^^C. rating spetutiod tov th^^ao Siemens m^ttora is 
IHO hp. Tho weight, af the motor, including ^arini?, ia given as it, 1 2 tons. 
Tho total woiglit of ebcrtricu.1 equipment of h motor i-ar with 2, 1 NO hp motors, is 
14, i tons, or 10 k;? per hp, a ligure 27 twr cent, gnater than that given by Dulziol 
in the Timti Emjititfrimj SnpjtfrmtJtt tor April 17, 1907. 
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weight of the geared motor, or 25,7 kg per hp. The following is a 
list of the component items of the equipment on the Rotterdam- 
Hague motor coach : — 

Electrical Equipment of One Motor Coach} 

Metric Tons. 

One transformer 2,80 

High voltage switch 0,20 

High voltage resistance 0,20 

High voltage fuse 0,01 

High voltage cables 0,20 

Bow collector 1,00 

Two motors with gearing and suspension . . 6,00 

Low voltage cables 0,45 

Contactors with case, etc 1,60 

Equipment in driver's compartment . . . 0,80 

Master controller 0,20 

Motor driven fan 0,25 

Motor driven compressor 1,00 

Miscellaneous parts 0,76 

Total electrical equipment . . 15 tons 
(Or 7,5 tons per motor) 

The two bogies weigh 10 tons 

The car body weighs 22 tons 

Consequently the total weight of the motor 

coach without passengers is . . . .47 tons 

Let us compare with the above, some of the figures for continuous 
current equipments. Take for example the Westinghouse four- 
motor equipment for the Metropolitan Railway. Each motor is 
rated at 150 hp, and weighs 2,5 tons with gear. This is not a light 
motor for its output, but the weight of the extra electrical equipment 
is only 4,52 kg per hp as compared with 11, 15,1, and 14,3 kg per 
hp for the above mentioned single phase equipments. As another 
example let us take the two-motor equipment used on the Metro- 
politan District Bailway. Each motor, designated as 6.E. 69 B is 

* This table is reproduced by permission from p. 237 of Vol. II. of 
Electrical Traction, by Messrs. Wilson and Lydall, published by Edward 
Arnold, Tx)ndon. 

H.E.E. S 
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[(on the one hour 75° C basis) rated at 240 hp/ and weigha 

2,8 kg per hp with pfear. The total equipment weighs 7,3 tons, 

[or 15,2 kg per hp ; mulrr half the weight per lip lor tlie single 

phase equipments, which were »$6,C, 40,6, and 31,4 kg per hp 

Ftespectivel3\ The weight of the e^itra electrical equipment, i.e,, the 

' electrical equipment excluding the geared motor, is 3,5 kg per hp, 

or 30 per cent, of the weight of the geared motor. 

In Table XCL are given particulars of a large number of con- 
tinuous current equipments as manufactured by the General 
Electric Co* of America and the Westingliouse Co. The data in 
this table fully confirms the figures which we have adduced above. 
The G*E. 69 is, in this table, given the nominal rating of 200 hp. 
As above stated, however, it rates at 240 hp on the one hour 75^ C 
basis. 



TABLE XCL 

Ihita of WtiAjkU of StandArd i'&ntinuous Curt'dtii Eaiiimy Motors and EquiprrutiU, 
{T!ie Jlyures in the lad column are the ratios of the umtjht of total rUctrical 
equipjjient to the tot^il ^^{(^ht of mot<trM, incliuiing gear and gear case.) 
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J On p. U26 of the Proc of tlie A.LE,E,» Sprague etatee that 418 G.E. 61* B 
motors are employed by tlie luterborotigh Eapid Transit Co, He «tut©e that 
they '* iii-ts soinetimes ' rated at 200 hp at iiOO amp,* but actually U?st t<> *241 hp 
with To"" riae of temperature, according to the Htaititlard pmctiee of the Amt*ric«ii 
Institute of Electrical Engineei-s. ^k>verul htindreti more of these motors Ate in 
1180 on the liondoii lTa*lor|^round Railways, atvil 2HH motors of similar fnime, 
known ae (he G.E. IH> L\ built tor ol) volts higher iiurmal operation, nearly 100 
leas revolutions at the oi\e-hour rating, but developing, notwitliHtanding, */32 hp 
with like rise of t^injieraturej are in use on the New York Central Eailfuad.** 
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Evidently we have ample material for concluding that the total 
weight of a single phase equipment is fully double the weight of the 
corresponding continuous current equipment of the same rated 
output. The trucks must consequently be stronger and heavier. 
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Thus for a schedule speed of some 40 kra per hour, with 1 ,6 stopg 
kilometer, a train to seat 800 passengers will weigh some 250 \ 
when equipped fur sin^^le phase operation, as against about half this 
weight when equipped for continuous current operation. The 
energy conBumpiion for this schedule speed will also be fully twice 
as great. The brake equipment must be more expensive and its 
maintenance much greater* The wear of rails and permanent w^ay 
is inevitably greater. 

It must bo remembered that it is not Bufficient to bIiow by electric 
operation only a very elightly higher acceleration and schedule 
speed than is attained by steam, but there must be shown a very 
appreciable gain. The rate of acceleration of a heavy single phase 
train, quite aside from the limitations imposed by the disabilities of 
the mot<:)rs, cannot approach that readily provided by the lighfc 
train of equal seating ciipaeity equipped with continuous current j 
motors. 

Of course there is always the possibility that a light, efficient j 
and satisfactory single phase motor may in the future put in its 
appearance. Indeed, a main contention put forward by Messrs, 
Still well and Putnam,^ who are leading advocates of single- 
phase traction, sets forth that a frequency of 15 cycles per 
second should be substituted for the 25 cycles, toward which 
standardisation has been tending. They state that 15 cycle ^ 
motors would materially surpass 25 cycle motors m the matters B 
of higher efliciency, low^or weight, better commutation, and less 
cost. This may jirove to be true. It is at any rate certain that 
any advantages of lower frequency are in great part offset by the 
increased weiglit and cost of the transformers, and l>y the lower] 
tractive force at starting ; and it must appear that this low periodi- 
city does not remove the disabilities of the single phase motor with 
respect to acceleration and schedule speed. Amongst the possi- 
bilities which suggested themBelves long ago is that of a good single 
phase induction motor without a commutator. 

It must also be kept in mind that the tliree*phase system can by fl 
no means be ignored as a determinant in the situation ; in fact, for ™ 
long distance, non-stop runs, it has points of superiority over any 
other system of electric traction as yet put forward. But, at 
present, it is with tlie object of obtaining better speed and shorter 
headway with frequent stops, and the more intense utilization of 

* ** The StiLatitiition of the Eler trie Mf>tor for tbe Steam Looomatire*^ 
{Travs. Am, InMi. Kfrr, /^iif/r^,, Vi,L XX Vb (HmT), p. 31). 
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termini, that resort will be made to electrical methods, and for this 
work the continuous current system is distinctly superior. 

Table XC. contains in addition a few figures relating to three- 
phase equipments. Thus the two-motor equipment of the Brown- 
Boveri Simplon Tunnel locomotive has a weight of 25,5 kg 
per hp, and the extra equipment alone, only 5,9 kg per hp. The 
motors, in this case rated at 550 hp, were heavier than normal 
three-phase motors, and weighed as much as 10,8 tons (or 19,5 kg 
per hp) including gear. This was due to the special arrangements 
provided for obtaining different speeds. 



C. Estimates of the Service Capacity of Single Please Motors. 

The-one hour rating is, of course, only an arbitrary method of 
stating the capacity of a railway motor, and, as stated on p. 244, it is 
often more satisfactory (although it entails a large amount of 
laborious calculations) to take a definite case of a given train and a 
given schedule, and to estimate, with the aid of the characteristic 
curves, the performance of the motor under consideration for that 
particular schedule. 

Curves showing the performances of continuous current motors on 
various schedules have been published in nearly all the text books 
relating to electric traction, and we shall here only work through 
two or three cases of alternating current single phase motors. For 
similar examples of the performance of continuous current motors, 
the reader is referred to " Electric Railway Engineering," by 
Parshall and Hobart. Let us take the two single phase motors 
which are foremost in the minds of English traction engineers at 
the present time, i.e., (1) the 175 hp Siemens-Schuckert motor 
(in use on the Heysham-Morecambe line), and (2) the 115 hp. 
W.E. 51 motor (which is to be employed on the London, Brighton 
and South Coast Railway). 



The Energy Consumption of a Train Equipped with Six '* Siemens- 
Schuckert '' 175 hp Compensated Series Motors. 

In the Times Engineering Supplement for April 17th, 1907, 
Dalziel, the electrical engineer for the Midland Railway, gave the 
following figures for the component weights of a five-coach train, 
consisting of three motor coaches and two trailers. Each motor 
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coach carries two motors. The seating capacity of the train is 

given as 324 passengers. 



Five coach bodies and uuderframes 
Seven trailing Iwgies at 4,5 tons each 
Three motor bogies at 5,5 tons each 
Electrical -equipment* (including motors) 
824 passengers 



Tods. 
53,0 
31.5 
16,5 
33,0 
22,0 



Total weight of train .... 156 



This train is to run at a schedule speed of 40 km per hr with 
a 20 second stop every 1,6 km. (These are not the normal condi- 
tions on the Ileysham-Morecambe line of the Midland Railway, but 
are conditions to which Dalziel intends such a train to conform for 
demonstration purposes.) 

Let X = the time in seconds taken to travel the 1,6 km between 
stops. 

Then X"«o = schedule speed = 40 km per hour. 

Tlierefore x = 124 sec. 

„,. , 1,6 X GO X 60 _ ^ , , 

The average speed = r-r-r = 46,5 km per hr. 

The train is equipped with six 8iemens-Schuckert compensated 
series motors, having the cliaracteristics shown in Figs. 166 and 167. 
The diameter of the driving wheel is taken as 0,83 m, and the gear 
ratio as 1 : 2,62. The trolley wire voltage is 6600 volts, but the 
maximum voltage across the motor is only 820 volts. Fig. 166 
contains a set of curves drawn up with a view to studying the 
performance of the motor during the accelerating period. By 
means of the taps on the transformer, the motor is started at a 
pressure of 150 volts, the instantaneous starting current being 
780 amperes per motor. When the current has fallen to 670 amperes 
(on account of the speed acquired by the motor), the voltage 
is increased to 170 volts, and the current immediately rises to 
830 amperes. The voltage is increased in steps up to 320 volts, 

' See Table XC. for details. 
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the current varying between the limits of 658 and 870 amperes ; 
the average current being 750 amperes. This current per motor 
corresponds to sufl&cient tractive force to give the whole train a 
fairly constant rate of acceleration of about 0,5 m psps, after making 
a suitable allowance for overcoming tractive resistance. On 
reaching 320 volts, the motor continues to accelerate " on the motor 
curve," and the current decreases, until the required maximum 
speed is reached, when the supply is cut off. 

From the curves in Figs. 166 and 167, the input, output and 
losses of each motor at any point may be estimated. This has been 
done, and the total input, plotted as a function of the time in seconds, 
is given in Fig. 168. The whole of that area, the upper portion of 
which is shaded, represents the total input to the six motors, from 
the time of starting to the time of shutting off at maximum speed. 
The top shaded portion represents the internal loss in the motors, 
and the cross shaded area the gear loss; the remaining area 
represents the useful input to the axles. 

The retardation due to friction on the level is taken as 0,086 m psps, 
and the retardation at braking at 0,9 m psps. A speed of 64 km ph 
is reached in 44 sec from starting; and if the supply is cut 
off at that instant, the train will come to a stop at the end of 
the 1,6 km run, in 124 sec from starting, thus complying with the 
arranged schedule. All the above is on the assumption that the 
particular 1,6 km run considered is perfectly level. 

The total area of the input curve of Fig. 168, i.e., the total input 

to the motors from starting to the instant of cutting off power, 

amounts to 10 kw hr, or an energy consumption of 

10 X 1000 .^ , . , 

j^^-^^-3^ = 40 w hr per ton km. 

This is the input to the motors ; the input to the train will be 
somewhat greater, as the efficiency of the transformer has to be 
included. Assuming the average efficiency of the transformer to be 
96 per cent., the energy consumption of the train is 42 w hr per 
ton km. 

The area of the top shaded portion of the input curve in Fig. 168, 
i.e., the energy lost in the motors, amounts to 1,9 kw hr, i.e., 19 per 
cent, of the input ; consequently the average efficiency of the motor 
is 81 per cent. The area of the cross shaded portion of the curve, 
i.e., the energy lost in the gear, is 0,5 kw hr, or 5 per cent, of the 
input. The area of the remaining portion, i.e., the energy delivered 
to the axles is 10 — (1,9 + 0,5) = 7,6 kw hr. The overall efficiency, 
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H welodiiig the lraiisfo(cm«r, is ihas 76 per eeni. and the 
H raiuniiiptaon at the axles is Ifaerefore :— 
■ 7fi X 1000 «. , I , t 
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The following iigures are of interest : — 

Average kw per motor during acceleration = 136 kw 
Maximum kw per motor during acceleration = 238 kw 
One hour rated kw per motor (175 hp) = 148 kw 



;< 










"f 


r T 1 ( 11 

Siemens Suhuckert I 














30 










1' T- 1 1 1 IT 

1 J 1 1 1 . 




















_- 




3 




— . 










^M^a 


s-— 




60 


^ 


- 


? 


^ 


==:;-. 


zi: 




^ 








7M^'A 












~^ 




S, 


^ 


V,, 


So 












y^ 




70 


-i 










■ **» 


\ 




"::s 


^ , 


*^ 




^>^ 


ifj 




60 




y 




^ 


\, 






\ 




\ 




'^^ 






^ 


k' 












\ 








V 


' 


\ 


It— ^ 


Vu 










V. 






s 












\ 






\ 












2 50 








Vf: 




>^ 














\C5 
















_A 






^ 




— . 






^ 










O 


^ 40 




- 


^ 




5 


fe 




--. 






^ 


\. 












^ 


^ 


^ 




■^ 




•-V 


4-^ 


^ 


V 




o 


<j 30 




■^ 


--. 








^ 


N 


\ 


V 




4> 


\ 






uj 






Fowehs 


^ 


>ar 


N 


Kj 


N, 


N 




N 


^ 


V. 






OJ 


20 










N 


^ 


%- 


"V 


V 




\ 


N 


fc 




















\^ 


h 


fe 








/> c 


10 










'\ 


\ 






\ 


\ 


























\ 






\ 


\ 


^- 


- 








05 

























\ 






































1 , 










fl ^ • 


























\ 















































i'^?^ J^O 400 500 €00 700 800 
Amperes Input per Motor. 



300 1000 



Fig. 167. Effioirncy and PowEa Pactob Cctrvbs of Siembns-Sohuckebt 

175 HP C02y[PENSATEU SlNQLB PHASE MoTOR. 



Time elapsing from start to start = 124 -|- 20 = 144 sec. 
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H Ratio of rated load to average load i, ^. = 3,5. ^^M 
H Thus we find that the average load during acceleration is within ■ 
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is 1,9 kw hr. The time from start to start is 144 sec ; therefore the 
average watts per motor are 

1,9 X 3600 X 1000 _^^^ ,, 

i7v T7 n = 7980 watts. 

144 X D 

The weight of one motor without gear is 2,77 tons. Therefore 
average watts per ton = 

'^ = 2860 w per ton. 

This is a high figure, and can only be attained by forced 
ventilation. The losses are shown separately in Fig. 169. 

After subtracting tlie losses from the total output, we found that 
7,6 kw hr were delivered to the axles of the train for the single run. 
We can check this figure from a consideration of the kinetic energy 
of the train at the instant the power is cut oflF, as this 7,6 kw hr 
must have been utilized to set the train in motion. A small amount 
of this energy, however, must have been utilized in overcoming the 
tractive resistance. 

Tlie kinetic energy of the train consists of two items, firstly, that 
due to the translational motion of the train ; secondly, that due to the 
rotational motion of wheels and armatures. The first item is easily 
calculated. Thus, kinetic energy = J M V^, and expressed in kilo- 
gram meters = 

i X - w-q\ ^ X (velocity in meters per sec.)^ 

t7,Ol 

Thus at the instant of cutting oflf the supply, when the train has 
attained to a speed of 63,5 km per hr : — 

rp, , . ,. , ^ 156 X lOOO / 63,5 X lOOOX^ 

llie kmetic energy = i X ^g^ X ( — 3600 " j 

= 2 480 000 kg m 
But one watt hour = 367 kg m. Therefore the kinetic energy due 

to the translational motion is equal to 0^*7 w innn = ^» ^6 kw hr. 

The second item, the kinetic energy of the rotating parts, can here 
be taken as being some 8 per cent, of the first item. Therefore, 
total kinetic energy = 6,76 X 1,08 = 7,3 kw hr. Energy must 
also be supplied to the train during the accelerating period in order 
to overcome the tractive resistance ; this amount is not easily 
calculated, as the speed is not constant. It would probably be about 
0,3 kw hr, which would make the total energy input to the axles 
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7,6 kw hr, as was obtained by deduction from the molor 
characteristics. 

Alternatice Run,— -It will be noticed that the average starting; 
current is some 750 amp, or about 05 per cent, in excess of the 




current corresponding to the normal rated load. At starting, the 
induced current in the short circuited coils is, in single phase motors, 
so great a source of difficulty as regards commutation, that it is 
preferable to start with a low voltage, and consequently a low 
current. 
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Fig. 170 gives an alternative method of starting; the starting 
voltage being only 85 volts per motor. The corresponding speed- 
time diagram and energy input curve are given in Fig. 171. By 
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means of an additional tap on the transformer, the motors may be 
started with a pressure of only 85 volts per motor. As can be seen 
from the speed- ampere curve for this pressure (in Fig. 170), the 
instantaneous starting current is then 500 amp. When the current 
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has fallen to about 480 amp (on account of the spoed acquire*! by V 
the motor), the pressure is increased to 110 volts, and upwards ■ 
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in steps to 820 volts. The motors are running at a corar 
high speed on these last steps, and the currtmt CJin l*o 
li^ithout incurring commutation difficiiltieB. Tfius in the i 
case considered in Fig, 170, the maximum current is 850 a 


►arativelr^^H 
increased ■ 
larticular H 
mp. The 1 
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mean rate of acceleration in this case is of course much less than that 
obtained by the first method, and consequently the power will have 
to be supplied to the train for a longer time, in order to reach the 
necessary maximum speed. The speed-time curve and the energy 
input curves, under the above conditions, are given in Fig. 171. 
The average rate of acceleration (until the ** motor curve" is 
reached) is 0,34 m psps, the maximum speed 71 km ph ; and as the 
speed is higher, the retardation during coasting has been taken at 
0,044 m psps. The braking retardation has been taken at 0,9 m 
psps, as in the previous case. The energy input to the motors, the 
internal loss in the motors, and the gear loss, are represented by the 
areas of the respective input curves as was explained for the first 
case. For this example the following figures only need be given : — 
Total energy consumed by the six motors is 12,6 kw hr, or 25 per 
cent, in excess of the consumption in the first case. The input to 
the motors is therefore 

12,5 X 1000 ^^ , ,1 

Assuming, as before, an average transformer efficiency of 96 per 
cent., the energy consumption of the train is 52 w hr per ton km. 
The internal losses in the motors amount to 2,15 kw hr ; the average 
efficiency of the motors is therefore 82,8 per cent. The gear loss 
amounts to 0,75 kw ; the average overall efficiency is therefore 77 
per cent., excluding the transformer. The energy delivered to the 
axles is 9,6 kw hr, or 38,5 w hr per ton km. 

Including the average transformer efficiency of 96 per cent., the 
overall efficiency of the equipment is 0,77 X 0,96 = 0,74, or 74 per 
cent., only 1 per cent, higher than the efficiency in the first case. 

The following figures are of interest, and should be comi)ared 
with those on p. 265 :— 

Average kw per motor during acceleration = 116 kw 
Maximum kw per motor during acceleration = 232 kw 
One hour rated kw per motor (175 hp) = 148 kw 

Average kw per motor from start to start = 52 kw. 

Ratio of rated load to average load = -^ = 2,85. 

During acceleration 2,15 kw hr are wasted in the motors. The 
time from start to start is 144 sec ; therefore the average watts per 
motor are 

2,15 X 3600 X 1000 ^_^ ,^ 

^Ai ^ a = Q960 watts, 

141 X 6 
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The weight of one motor without gear is 2,77 tons. Therefore 

ftQfiO 

average watts per ton = -^r-=^ = 8240 watts per ton. 

The average watts per ton, during acceleration only, are of coarse 
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higher ; in the particular case considered, they amount to 
2,15 X 3600 X 1000 .^^^ .. . 

- "6 4 X 6 X 2,77 = ^^^^ ^"^^^ ^^^ ^"°- 
The losses are shown separately in Fig. 172. 
In the first case considered, in which the rate of acceleration 
until reaching the " motor curve " portion of the accelerating period 
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was 0,50 m psps, we found that the total energy supplied to the axles 
of the train was 7,6 kw hr. Furthermore, on p. 267 we found that 
nearly all this energy was utilized in giving the train the velocity of 
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Fig. 173. Speed Cuaracteristic and Tractivb Force Curves of 175 up 
Compensated Siemens-Sohuckert Single Phase Motor. 



63,5 km per hr. In the second case we found that 9,6 kw hr had to be 
delivered to the axles, i.e., 26 per cent, more than in the first case. 
This shows the importance of a high rate of acceleration, as in both 
cases the schedule and average speeds were the same ; the rates of 
acceleration were 0,50 and 0,84 m psps respectively. 
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At the iiistftiit of cutting off the supply hi the second case, the] 
speed of the train h 71 km per hr. From this figure and tljc 
weight ol the train, we am duduce the totul energy input lis iu thaj 
previous case, 

Ihe kmetic energy = J x ^rr^ X ( 

^ 3 

But 1 watt hour = 367 



3t>U0 



i 



100 000 kg m 
kg m. Therefore the kinetic energy of 
the train due to the translatioual motion in 8.45 kvv hr. 

The second item, the kinetic energy of the rotating parts, can 
taken, as hefore, as being some 8 per cent, of the first item. There- 
fore the total kinetic energy ^ H,45 X l,Oy — 9,15 k\v br. The 
energy which must besupphed during the accelerating period (which 
is longer iii this second case) to overcome the tractive resistance 
will bring this amount up to *J,6 kw hr : which last figure was the 
estimated vahie of the energy input to the axles from a cousideration 
of the motor cbaraeteristic curves. 

iSiicoml Altt-rualivti Iltnt, — Fig, 173 shows yet another cycle o! 
starting operations* In this case the average starting current ia 
4.40 amp. Were this alternative chosen, the train would not reach 
a sufficiently high speed to be able to complete the run in 124 sec. 
This is shown clearly in Fig. 174 which is the speed-time diagram 
for the case considered. Braking is commenced at such an instant, 
that the train will stop 124 sec after starting, Tlie average speed 
is only 35,5 km per hr,and so the distance covered will be only 1/23 
km, instead of l^G km. The train cannot attain to a schedule speed 
of 40 km per hr under these conditions. This last case was givea 
in order to emphasise the fact that the motors must he able to with- 
stand, during some stage of the accelerating period, a starting 
current considerably in excess of the normal current at rated load* 

Limitations oj Siniflc Phase Motors,— TlIu^ single phase motor ia 
very limited as regards the capacity for overload, and in order to 
clearly demonstrate this, the characteristic curves for the 175 hp 
compensated series motor discussed above are given in tbe following 
figures (Figs. 175 — 17H) in a somewhat different form to that in 
which they were given in Fig. 166. In this case the speed, current, 
power factor and efficiency are plotted against the output in 
horse power as abscisste. From this series of curves it will be seen 
that the maximum output is sharply defined at each operating 
voltage, and, further, that the maximum output decreases rapidly 
with decreasing voltage. Thus in the case of this motor, 
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rated at 175 hp, the maximum horse power at the normal 
voltage of 320 volts is about 230 hp, or only 26 per cent, more than 
the one-hour rated output. At 275 volts the maximum output is 
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about 160 hp, and at 220 volts only 95 hp, while at 150 volts it is 
only some 36 hp. Of course, these low voltages are only used 
starting, but the torque, required to obtain the necessary high 
rate of acceleration, is also low. All single phase motors are 
limited in this way, but the continuous current motor has a 

T 2 
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inomeniary capacity some tbree or four times its rated output^ 
uikI is tliiis in this respect niiicli superior to the single phase motor, 
AUhoLi^^h th^se curves are for the compensated series commutator 
iiioior, it must be remembered that the compensated repulsion 
commutator motor m Umited in tlie same respectJ 

Let us now examine the case of a single phase motor of the com- 
pensated repulsion type. 

7Vk- Enafji/ CousHmjitkin aj a Train Equipju'd nith Eiifht *'.!• E. U, 
\Viiite}''Eit'hberg " 115 hp Compenmtvd IlcpuUtou Motors. 

The Electncianf lor June 14th, 1907, contains an article by 
Dawson, the consulting ent^ineer fur the L.B, *fc S.C. electrifica- 
tion undertakings Figures are given for the energy consumption 
of a train consisting of two motor coaches each equijiped with 
foor motors (l.t^, eight motors in all), and one trailer coach. 
There are two classes, and seating aecommodaLion for IHH persuus* 
/rhe total weight of the train is given as 13*2 tons. The particular 
journey taken as an example is the run between Battersea Park and 
Peckham Rye, a distance of 0,3 km. There are four stops in this 
run (exclusive of start and stop at Battersea and Peckham Kye 
respectively). 

The run is made under the following conditions : — 

ychedule speed, 42 km ph ; 

Average speed, 48,5 km ph; 

I>u ratio II of stop, 15 sec ; 

Kate of braking, 1,0 m psps. 
In order to simplify the calculations it is assumed that the entir? 
run is over a level track. Fig. 179 shows the charactoristic curves 
for tlie W.E. ol 115 bp single phase compensated repulsion motor, 
eight of which are to be used on the train under consideration. In 
order to attain to the required scheduled speed, it will be necessary 
to work the motors on the cycle shown in Fig. 179^ i,c„ with a 
starting current of 26 amp (the current in the motor is, of course, 
much greater ; the amperes here mentioned are those measured on 
the primary of the transformer). 

The gear riiiio is taken as 8,3 and the diameter of the driving 
wheel as 1,06 m, which values are those of the actual gears and 
wheels of the L.B, Sc S.C. cars. The above cycle of operations 

1 8<*e ulsu all itrlii-ln by iho uuUior in The IJfjJd Hailmxif and Tramtmt^ 
Juurnaf, June lOth, im4, pp. 447 i.jt. 
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will give the necessary draw-bar pull and speed at all points of the 

cycle, to correspond with the speed-time curve given in Fig. 180. 

A single run, representative of the complete 6,3 km run, is that 

between Denmark Hill and Peckham Rye. The speed-time and 
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Fi>. 179. Speed, Ampere, and Torque Curve.s of W.E. 51, 115 up 
Single Phase Compensated Repulsiox Motor. 



input curves of the run are shown in Fig. 180. From these curves 
the following data can be obtained : — 

(1) Maximum speed necessary in order to cover the 1,21 km 
distance between stops is 68,5 km ph ; 

(2) The average speed over this distance is 49 km ph ; and 
(8) The schedule speed with a 15 sec stop is about 42 km ph. 
These are practically the same as the corresponding figures for 

the whole run of i},S km, consequently the particular run under 
consideration is quite representative. 
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The input curve of Fig. 180 represents the power input from the 
eight motors to the axles of the train at any instant, and conse- 
quentl}^ from this curve we can obtain by integration the total 
energy (in this case about 8,2 kw hr) utilized by the train in 
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rnnninpr u^^ to the maximum speed of 68,5 km ph, or in other 
words, the total energy of the train due to its momentum at the 
instant of maximum speed, together witli that amount of energy 
which has been spent in overcoming tractive resistance, which last, 
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as we have seen, is only small compared with the energy due to 
momentum. 

The average efficiency of the motors (including gear) obtained from 
the efficiency curves given in Fig. 179 (above the torque characteristic 
curves) is about 75 per cent. The average value of the input of 
energy to the axles, as obtained from the curve of input in Fig. 180, 
is some 265 kw, or 33,1 kw per motor. If the average efficiency is 
75. per cent., then the average input to each motor will be 

5X6 = "■"'•• 

Therefore the average losses in gear and motor during the 
accelerating period are 44,2 — 33,1 = 11,1 kw. 

The gear loss is very much the same at all loads, and can be 
taken as about 4 per cent, of the input to the motor at rated (1 hour 
75^ C) load. The 115 hp motor will have an input at rated load 
(assuming an efficiency of 82 i>er cent.) of some 105 kw, 4 per cent, 
of which is 4,2 kw. The average loss in the motor itself is therefore 
11,1 - 4,2 = 6,9 kw. 

The motor weighs 2,4 metric tons without^ gear, consequently the 

average value of the watts per ton during acceleration will be 

6900 ^QQ^ ., 
— -— - = 2880 watts. 
2,4 

The average value of the watts per ton from start to start will be 
about half the above, which is low compared with the figure found 
for the Heysham 175 hp motors (see pp. 267 and 272). But the train 
in the present instance weighs 132 tons and carries eight motors, 
each weighing 2,4 tons (excluding gearing), or an aggregate motor 
weight of 19 tons, which works out at 6,9 tons of train per ton of 
motors. The hypothetical train studied in connection with the 175 hp 
compensated series motors had a weight of 156 tons, and the six 
175 hp motors each weighed (exclusive of gearing) 2,77 tons, or an 
aggregate motor weight of only 16,6 tons, which works out at 
9,4 tons of train per ton of motors. Since th^ schedules studied 
were not widely different, the difference in watts lost per ton may 
thus be partly accounted for. 

The efficiency of the motor at rated load is about 82 per cent, 
with gear, or about 86 per cent, without gear. If the input is 
105 kw, the energy lost in the motor itself at rated load is some 
14,7 kw, or about 6120 watts per ton of material. 

Beturiiing to the train problem, we have seen tliat the energy 
input to the axles is al>out 265 kw on the average, or for the toti^l 
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run of 6,4 km, which takes 9 minutes, about 40 kw hr, or 

ITq riTo — "^^ ^^' '^^ l^^^' ^^^ ^™' ^^^ input to the trais» 

iisfliiining an average efficiency of the motors (with gear) of 75 per 
cfiiit., atul an average trauHfarraer efficiency of 97 per cent,, will be 
some G6,5 w hr per ton km. 

These examples of the calculation of the energy consumption of 
a train serve to show under what condifciona the motors have 
to work, and tlio fact that, they are actual cases of particular single 
phase motors which are to work under definite conditions as to 
acceleration, maximum siieed, etc,> on known lines in England, 
lends especial interest to the in vestiga lions. Trains are already 
running at Hejsham, and it is stated that by 1909, trains will be 
in commercial operation on the electrified portion of the L.B. & S.C. 
Eailway. 

iJ, Sintfle Phuse versus ContinKfms Current St/fttems of Rail war/ 

Eleeirijieai'ion. 

The advocates of the single phase system of railway electrificatiou 
generally draw attention to such weaknesses of the continuous 
current system as the rotary converter, hut they omit to point out 
the disadvantages that must he suffered in order to avoid this unde* 
sirable adjunct. Each system must be considered as a whole, and it 
is not an advantage to transfer a weaktiess from terra jirma to what 
is always the weakest portion of tiie system — the train equipment. 

There is too much made of the alleged lower total capital cost 
due to the absence of rotating auh-stalion plant and to the use of 
high-pressnro distributing as well as high -pressure service con- 
ductors. Where there is a saving in one place it is far more than 
offset in another* Thus the electrification undertaking of the 
L.B. & SX', Railway is costing at least 50 per cent, more than 
would have been the case if the continuous current system had 
been adopted. At the tinie that the contract Avas entered into, 
some of the most reputable technical papers stated, with every 
appearance of authority, that the outlay on the scheme would be 
approximately a quiirler of a milHon sterling. 

The route can easily be inspected, and sufficient has been pub* 
lished, at one time and another, of the trains, the service, and the 
electrical erjuipment, to enable a fairly close estimate of the cost of 
electrification by the continuous current system to he made. There 



I 
4 



4 



4 





TRACTION MOTORS AND ELECTRIFICATION OF RAILWAYS 281 

are to be eight trains of three coaches each, two of these being 
motor coaches, each equipped with four of the AUgemeihe 
Elektricitats Gesellschaft's 115 hp single phase motors and 
accessories. The trains are to make the journey between London 
Bridge and Victoria, a distance of 8,6 miles, in 25 minutes, stopping 
at the ten intermediate stations. The contract does not include a 
generating station, as the power is to be bought. 

The following is a very prodigal estimate of the outlay that such 
a system would require if electrified by the continuous current 
system. The 8,6 miles of double track route will, including sidings, 
run into some 20 miles of track work which must be equipped for 
electrical operation without interfering with the traflBc on the 
railway. The cost of straight third rail with bonding of track rails 
does not exceed Jl'lOOO per mile, or £20 000 in all. Let us add 
another £20 000 to this for special work (although this is much 
beyond what could be required), and also iB20 000 for cables (again 
an excessive amount), making the cost of the complete track work 
£60 000. The coaches, including trucks, will cost £1800 to ^£2000 
each, and for the 24 coaches we will allow A*50 000. The electrical 
equipment of the three-coach train to do the service required (say, 
four 180 hp motors and accessories) will cost less than ;£2000, so 
that we shall be liberal if we allow for the equipment of the eight 
trains a sum of ii20 000. Two sub-stations will be sufficient, each 
containing rotary converters or motor generators with an aggregate 
rated capacity of 2000 kw per sub-station, but with capacity for 
intermittent overloads of over twice this amount. This cost is 
easily covered by £5 per rated kw, or £20 000 in all. 

The cost of the electrification by the continuous current system 
is therefore as follows : — 



Trackwork . 
Coach bodies and trucks 
Train equipments . 
Sub-stations . 
Unforeseen contingencies 



£ 
. 60 000 
. 50000 
. 20 000 
. 20 000 
. 10 000 

£160 000 



Considering the competition at the present time, it is highly 
probable that this figure would be much reduced if the matter were 
put up to public tender. 
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So ranch then for a comparison of the acinal cost of the L,B. & 
S.C. litiilway electrification with a very liberal estimate for doing 
the same work by the continuous current system, an eBtimate, 
niort^over, that can easily bo cheeked, as all the apparatus is 
standard, Furtliermoro the operatimf coats on this railway will 
aleo much exceed the figures that could be attained with continuous 
current operation. The saving in sub-station expenses is trifling 
compared with the exti*a cost of power due to the heavier train, the 
much larger cost of train equipment due to the employment of 
Jou1)le the number of motors (and these each more costly to maintain) 
'and the greater maintenance cost of a r>OtM) volt overhead conductor 
as con I pa red with a third rail* 

Tlie success of tlie single phase systi^m f<jr railways as distin- 
guished from tramways is still in the region of pious hopes. All 
that has l>een carried out at present is under the 8ni>ernHion of the 
manufacturers. Tlie characteristics of tlie continuous current 
system are well known. If the North-Eastern or the Lancashire 
and Yorkshire lliiilway, when they come to consider further electri- 
fication, adopt the sinj^le pliase system, it will be mucli more to 
the credit of this system than its adoption by railway companies 
who liave not been allowed to consider any other system. 

If only it is clearly understood in railway circles that electrical 
euf^ineers have developed far better means of railway electrification, 
the author is personally well satistied that the L.B. & S,C, Bailway 
should have adopted the sin-.de phase system. They will thus, 
although at considerable expense, provide the railway and engineer- 
ing world with a practical demonstration of its inferiority for such 
a service. If, on the ntlier hiinti, railway directors should conclude 
that this single phase monstrosity is the best thing that engineers 
have to put forward for railway electrification, the impending 
exposure wilb when it arrives, discredit electrical engineering, 
and will be all the more disiistrous the longer it is deferred* 

On ]K 147 of the iJffht Jhuhvttj^ Journal for June 10th. 1904, the 
present jiiitlinr opened an article wilh the following paragi'aph : 
'* From the standpoint of its technical merits, the single phase 
motor is at present a factor in the railway electrification prolileni 
only in so far as a promising possibility of its further improvement 
at an early dale entitles it to consideration.'* Four years have 
elapsed since the pnhlication of that statement, and no substantial 
progress is in evi<leiice; rm tlie contrary, side by side with the dia- 
ls to which atbjiition was then drawn have arrayed themselvea 
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further grave disabilities which were at that time not foreseen. 
These must all now be ruthlessly exposed in order that railway 
electrification on sound lines shall not be unduly retarded. 

In Messrs. Stillwell and Putnam's American Institute paper on 
the ** Substitution of the Electric Motor for the Steam Locomotive," 
to which allusion has already been made on p. 260, the standpoint is 
taken that the single phase system is the only system worthy of con- 
sideration for railway electrification. *' Where, ten years from to-day," 
they ask, " will be the 1200 or the 1500 volt continuous current 
systems which have been suggested as substitutes for high potential 
alternating current systems in heavy electric traction?" These 
gentlemen appear to have allowed a desire, shared by all engineers, 
to secure the best system for long distance work, to supplant 
sufficient study of adverse details in the single phase system. The 
author's opinion is that within ten years, continuous current systems 
as applied to railway electrification will employ line pressures more 
of the nature of 2000 or 3000 volts, and these systems will, in all 
probability, have come into extended use. The single phase delu- 
sion will meanwhile have been exposed (at the expense of the 
capitalists) and the system discredited. 

Railway electrification on an extensive scale will, however, have 
been retarded for years — first, in consequence of the waiting 
policy which is being maintained pending the completion of the 
single phase experiments; secondly, in consequence of the prejudice 
against electric operation of railways which will inevitably follow 
as a consequence of the analysis of the results obtained with single 
phase plant. 

Tt is highly desirable that railway people should realise that a large 
number of electrical engineers dissociate themselves, though rarely 
openly, from the claims put forward by the single phase school. This is 
important for the reason that there is a wide range of railway work 
where electric operation is of demonstrable advantage if undertaken 
on sound lines. For lon^^-distance non-stop runs, however, it will for 
some time be difficult or impossible for trains depending for their 
power on electric energy supplied over long distances to compete 
with trains hauled, as at present, by steam locomotives. It is only 
for such cases, however, that single phase systems can possibly hold 
their own in comparison with high tension continuous current 
systems. It is very unfortunate that electrical engineers should be 
handicapped in their endeavour to enter the legitimate field offered 
by urban, suburban and interurban sections of railways (where the 



HKAMT ELECTRICAL ENGINEERING 



tmfiGc is intense and consists in operatinpj trains at short headway^ 
and With frequent stops, at relativelj^ high schedule speeds), for the 
sake of the vague poasibiHty of sorae time entering, with this single 
phase incuhus, on a field of railway work where the steam locomotive 
is, by right of merit, most strongly established* 

For such "legitimate'' work, high acceleration in all-important. 
This is readily obtained by the eontinaous current motor ; it is im- 
possible %vith heavy trains with the single phase motor, a mere 
apology for a motor at the be8t,*wlnch is seen at its very worst 
w^hen starting and during acceleration. Another important feature 
for a sofvieo with frequent stops is low w^eight of train, as almost 
all the energy delivered from the motor is devoted to imparting 
momentum to tlie train during acceleration, and is immediately 
thereafter conv^erted into heat at the lirake shoes (alLhouirh a 
considerable proportion of it could well be restored to the line by one 
or other of the now well developed systems of regenerative control). 






Overhead rersns Third RaiL 

Tbe overhead constructions developed in connection with the 
single phase system, as worked out for light interurban roads, are 
excellent. They are proving, however, less generally adaptable to 
main line railways, A number of experienced steam railway 
engineers have pointed out various difficulties entailed by the over- 
head conntruction, wbieh are avoided by the use uf the third rail, and 
electrical engineers cannot do better tban take advantage of their 
obviously sound suggestions in this matter. Indeed, in many ways 
the progress of railway electrification would be accelerated were 
more lieed given by electrical engineers to the comments made by 
steam railway engineers with reference to electrification proposals. 

The gratifying rarity of tlnrd rail accidents, and tbe comparative 
freedom from trouldes of any kind, justify the assertion that, with 
suitable provisions for the protection of the third rail, pressures 
very considerably in excess of the now^ customary fiOO volts, can be 
used with entire satisfaction. The cost of ovefbead construction as 
supplied to main line railways has been far in excess of the esti* 
mates, and constitutes one of the hwmest burdens of the ill-omened 
single phase system. Nevertheless, for situations wbere steam 
railway engineers would prefer tlie overhead construction, it repre- 
sents a sound, though expensive, proposition, and it will doubtless 
have a place in railway electrification, although this will probably 
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he H*it1)si(liary to the tliird rail. There ib no objection to providiiig a 
train with both overhoad and third rail collecting; devices, no that 
it may proceed over eectionB equipped in either of these two ways. 

It ia tlesirable at tluB juncture to allocate the natural iieldb for 
overhead and third rail conHtroctioua rcBpLctively. In the recent 
disciiBBions of continuous current and single phane nystems the 
latter have shown up to 8ue!i poor advantage that there iw no 
need to raise the voltage of the continuous current system in estah- 
liHbing a comparison. But io the neriou^ question of electricity 
rcrsm bteam for operating main line railways, the former has in the 
latter a very formidable competitor whose status ia sound, and tlie 
use of higher continuous current voltages is a legitimate feature to 
incorporate in [iroposals for main lino railway electrification. 

There are a number of sound alternative methods of employing 
high tension continuous current. The author would like to mention 
one of them but does not wish to thereby eacrilice his freedom to 
advocate others where more suitable. The author would suggest 
that an 800 voU system ia satisfactory for sections over which 
the traffic is heavy and frequent. On outlying sections where 
the frequency is less, either a pressure of KiQO volts from third 
rail to track, or of 800 volts on each side of the track as neutral, 
provides a good basis. For sections with a still less frequent traffic, 
£J200 volts could be employed. For these sections the overhead 
construction will be less objectionable, and will be comparatively 
inexpensive, owing to the continuous and uninterrupted character 
of the route. Various simple and obvious means are available for 
advantageously employing a given train equipment over these 
different sections. There is, of course, nothing final in the 
pressures mentioned ; GOO, 1200 and 2400 volts uiight be pre- 
ferable owing to the large number of 600 volt equipments already 
in service. 

A recent instance of the high cost of overhead construction is 
that cited on p. 915 of the Street Uaibvat/ Journal for May 25, 1907, 
by Mr* Wilgus, Vice-President of the New York Central Raih'oad. 
Mr. Wilgus* statement is as follows : " Much has been said also 
about the cost of overhead single phase construction* lii 1?)06 
one authority has estimated it at £3200 per mile, but the actual 
cost has been £10 000." This would partly account for the need 
of so large a sum as £250 000 for the L.B. & S.C.'s 8 mile 
experiment. This sum, it will be remembered, does not include 
the necessary generating plant. As already pointed out, nut over 
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tvvo-thinlH of this siim would have been re(]iiired had the coulmuoiiB 
current systtjm httuu etuployoil, nor would anything like five ytjiirs 
have been required for carrying through the work. 

Tho high-voltage coniiinious current system is now of j>rovea 
practicahihty, and affords tho most tiatisfactory eyritt^m of heavy 
electric traction* With the single phase syBtera, it has not been 
isullieieot to adopt veaHiiuahh/ high trolley voltages, but it has l»een 
neeetisary to adopt otherwise ohjevtionably high trolley voltages 
owing to the serious question of drop on the rail return ; for, with 
a given current, the drop on a given leii|;th of rail retm*n is many 
times greater with single phase than with continuous cui'rent, and 
hence the current must be kept down to a much lower value than 
other considerations render advisable. In other words, a needlessly 
high trolley voltage becomes indispensalde with the single phase 
system, out of consideration of the importance of avoiding too 
considerable a drop of voiiage in tiie rail return. The available 
methods for offsetting the drop on the rail return are too expensive 
and complicated to be generally employed. 

In the case of the continuous current system, a pressure of 3000 
volts is quite sufficient for heavy electric traction, and leads to very 
satisfactory trolley constructions. Setting aside the queatiou of the 
rail return dilliculty, some 8000 volts could well l>e employed with 
the single phase system wore it not for the consideration that 
greater weights of roiling stock and equipment and conseqnently 
greater amounts of energy are required for the single i>hase system 
and that tho lower power factor and lower ellieiency of the single 
phase system lead to a much greater current being required, for a 
given amount of energy at a given voltage, than is the case with a 
conlinuous current system for the same volttige. Thus 1000 or 
5000 volts would be a more suitable pressure for the single phase 
system were it not for the limitations imposed by the drop on the 
rail return, which renders it necessary^ for main line trat-tion, to 
employ from 10 000 to 20 000 volts when the single phase system is 
used. The single phase advocates are making a virtue of necessity 
when they point with satisfaction to these high voltages. 

The technical press has, during the last few years, contained so 
great a number of papers and articles devoted to extolling the 
advantages of the single phase system of railway electrifieatioa 
that, in order that the impression that this systeili is carrying all 
before it shall not become too deeply -rooted, it is important, before 
dismissing the suliject, to call attention to certain carefully 
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coTiHidered statements which have been put forth by a number of 
engineers who are in substantial agreement with the author as to 
the inferiority of the single phase system. 

In the course of the discussion on a recent paper by Jenkiri/ 
Carter made an instructive comparison between the continuous 
current and single phase systems, which has the advantage of being 
derived from actual experience instead of from pious aspirations. In 
order to refute Jenkin^s conclusion that the single phase system 
was the best for general use on English railways, Garter pointed 
out the necessity of proving it true for railways in urban and 
suburban districts, since it was only in the case of such railways 
that electrification in any shape or form had, to the present, been 
proved an economical policy. In making the comparison he was 
careful to argue only from matter that was public property rather 
than express his own private opinion. The comparison was between 
the equipments that it had been decided to adopt on the L.B. 
& S.G. Bail way, one of whose lines in South London was being 
equipped for single phase operation, and those used on the Metro- 
politan District Bailway. It was on this occasion shown by Carter 
that even the following, at first glance, extreme statements erred 
entirely in favour of the single phase system. 

1. The amount of driving machinery required per seat was more 
than twice as great in the single phase as in the continuous current 
system. 

2. The first cost of this machinery per seat was considerably 
more than twice as great in the single phase system. 

3. The maintenance of this machinery per seat was considerably 
more than twice as great in the single phase system. 

- 4. The energy consumption per seat was greater in the single 
phase tlian in the continuous current system. 

It was then pointed out tliat in the case of urban railways worked 
by the continuous current system, the outlay on train equipment was 
from one* fourth to one- third of the total cost of electrification, and that 
no possible saving on sub-stations could atone for the greater cost 
of train equipments in the single phase system. Moreover, the third 
rail is cheaper than overhead construction, whilst the generating 
plant is certainly no cheaper in the single phase system than in the 
continuous current system. It was therefore unnecessary to labour 
the point further, as it was demonstrated that for this class of 

^ Bead on November 13th, 1906, before the Institution of Civil Engineers 
(see Proc, vol. cxlvii., pp. 28—101). 
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service — the ouhf clasH iu which electrical engineers had hitherta 
been al/le to justify their pretensions— the single phase sjsteJi 
WH8 entirely inferior tu the continuous current Bystem, l>oth in first 
cobt and in cost of working. 

In an itriiele \n the May, l!J07» issue of Cmsiern Matjaztiti, 
Behrend dismisses the single phase question as follows: "The 
single phuse railway mania lias even now hardly run its course, 
although a thoughtful cousideration of the case should have loug 
since enahled engineers to see that it is a * forced idea/ " Behrend 
points out that *' the very much reduced output of both generators 
and motors, if operated single phase, the reduced eflieiency, the 
impaired regulation, the increased heating and less stability of 
single phase motors and generators, connected with the increased 
cost resulting from the greater amount of material required ; these 
form the main reasons which induce me to call the recent attempts 
which have been made in the utilization of single phase currents a 
forced idea, ... IE single phase currents are to be used success- 
fully, a new creative idea must be introduced which will do away 
with some of the disadvantages peculiar to the present single phase 
apparatus." 



A\ Ctipiial Outlay and Operating Ex^penses of Electric Tnurtion 



1 



Mr. P. W. Carter has very kindly consented to the inclusion in 
this treatise of a reijort which he has made concerning the capital 
outlay and operating ex|>en80s of electric traction on railways with 
heavy trains making few stops. The author of the present treatise 
is o! opitiion that this report of Mr. Carter's sums up the situation 
in au incomparably clear way, and that there is no escape from the 
conclusions arrived at, Mr. Carter's report iu full is as follows ; — 

Up to the present time, practically all experience in the use 
of electricity as the motive power for railways has been confined to 
thickly populated urban districts, where certain advantages of 
operation, tending to improve the service and thus increase the 
traftic, have rendered electrification desirable even if sometimes 
more costly than steam operation, lo the few cases where electrical 
operation has been adopted for other than urban passenger service, 
as, for instance, in the case of the long distance trains running in 
and out of the New York terminus of the New York Central and 
Hudson River Railroad, the considerations that have led to electrical 
working have been other thati those of mere economy. 8uch 
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schemes, therefore, however interesting and important, have no 
bearing on tlie question of the general use of electrical energy lor 
operating railways. 

In order that electrieal operation may be considered economical, 
as compared with steam oiieration, it is nei'e^flary, either that the 
operating expenses nhould be less by an amount morelhan snfficient 
to pay interest on the additional capital outlay involved, or that the 
increased operating expenses should be justified by improved 
facilities. In the case of urban and suburban passenger service, 
in which stops are frequent, the fact that, with electrical operation, 
a large reserve of power is available for producing a high rate of 
acceleration, enables a higher schedule speed to be attained with- 
out increasing the maximum speed and the energy consumption. 
The service is thus improved, and it is in this improvement that 
the economy of electrical operatiuo is usually found. In the case 
of inter urban service, however, where stops are, in general, a 
consideral>le distance apart» there is little to be gained by a high 
rate of acceleration. On the less important branch lines, there is 
some advantage in being able to operate small units with fair 
efficiency, as is evidenced by the growing use of self-propelled 
motor coaches on such lines. It is one of the advantages of 
electrical operation, assuming that a multiple-uoit system of train 
control is employed, that each coach or group of coaches shall carry 
the motors necessary to drive it, m that the motive power of the 
train is proportional to the number of coaches. Thus tlie motors can 
always be used etKciently, and the speed is practiciilly unaflFected 
by the length of the train. Nevertheless, where the traffic is 
sufficient to warrant it, as on the great main lines joining the 
larger towns, heavy trains of many vehicles are to be preferred. 
Such trains, as compared with smaller ones in larger numbers, 
require less power per vehicle, especially at high speeds, cost less 
for drivers' wages, whilst involving fewer signalling operations and 
using the track to greater advantage. 

The main line heavy traffic being much the most remunerative 
and im[>ortant class handled by tfie majority of our railways, 
it is necessary, if electrical operation is to become general, that 
economy should be shown in the operation of this class of traffic* 
As indicated above, it does not appear that any considerable 
improvement in facilities would result from electrical operation, 
whilst the fact that all trains in a district would be dependent 
on a central source of power and on a more or less complicated 
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disUibuting system, must be accounted a disadvantage of no sm^H 
iiiiigiiiLiide. Accordingly the justitication for electrical operatioJH 
must in this ease bo sought principally in the actual saviiig i^| 
operating expenses. H 

II 18 proposed here to discuss in a general manner tha electrical 
operation of heavy iiasHenger trains making few stops and running 
at fairly high scheduled speeds, with special reference Ui the 
capital outlay involved and to the cost of operation. The problem 
IB an important one, not only in determining whether general 
olectriiication would prove an economical policy, but because, ^M 
such should he found to be the case, the system of electrification^ 
adopted would doubtless be chosen to suit the class of service 
uiuler consideration here. 

Several sets of figures will he obtained for capital outlay an<^_ 
operating expenses, represeutiog diflferent methods of operation, aw^^ 
limiting values of the quantities involved* Botli continuous current 
and single phase systems will be discussed, and in the case of the 
former, both average and minimum values will be obtained for the 
expenses. In deducing the minimum vahies, the highest efficienciei|M 
the lowest costSj and the most advantageous operating conditions tbn^l 
have been found in practice, or can reasonably be exj^ected, will be 
asHunietl. It is not likely, however, that the most favourable 
conditions will be possible in every element of a system, and, in 
particular, that the highest efficiency will be associated with the 
lowent capital costs and the minimum amount of stand-by plant. 
Thus the lower limit is not likely to be attained in practice, and io^ 
the opinion of the writer (Mr. Carter), the figures given as mera§fM 
results will form a better guide to a realizalde solution. 

The tigures obtained for the total operating expense are to be 
compared with the item scheduled as "locomotive power** in the 
railway companies' returns, increased by the interest on the eapiU 
represented by locomotives. It is not suggested that these figure 
would be scheduled as locomotive power in the case of an electrifi<3 
railway. Kates, and other standing charges, would be include 
elsewhere, the maintenance of line conductors would doubtless 
included in maintenance of way, whilst interest on capital would 
not be cluirged to expenditure, but is legitimately included in this 
comparison. 

It is proposed to base the discussion on a particular passenger 
train, of weight and dimensions fairly typical of the main line 
expresses seen on many of our railways. The train may \m_ 
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considered as made up of ten bogie coaches, similar to those which 
formed the subject of Mr. J. A. K. Aspinall's tests on Train Resist- 
ance.^ The weight of the train, with its normal passenger load, but 
excluding electrical equipment, will be taken as 250 tons, and its 
length as 520 feet (160 meters).^ The electrical equipment, of which 
the weight and cost alone concern us, will be considered as comprising 
not only the driving motors, controlling apparatus, cables, switches 
and air compressor or vacuum exhauster motors, but also all panels, 
brackets, ducts, and other arrangements for supporting the electrical 
apparatus, and constructional material used in installing the same, 
all drivers* brake valves, air compressors, vacuum exhausters, 
main reservoirs, etc., together with all that is additional to trucks 
and underframes. In fact, comparing a ten-coach train as 
described by Mr. Aspinall with a ten-coach electrical train of the 
same capacity, all essential difference in cost and weight will be 
charged to electrical equipment. 

The train resistance will be deduced from Mr. Aspinall's formula^ 
for trains having oil axle boxes, namely : — 

kS 

H = 2.5 + 5078 + 0.0278 L ^^ P^"^ *^° 
where V is the speed in miles per hour and L is the length of the 
train in feet 



[ 



or li = 1,12 + 250 + 0,45 L ^^ ^' *°°' 

where V is the speed in kilometers per hour, and L is the length of 
the train in meters.] 

For the train under consideration, for which L = 520 ft. 
[160 meters], the formula reduces to 

iJ = 2,5 + wg-Q lb per ton. 



[or R = 1,12 + ^^S per toiij 



Inasmuch, however, as Mr. Aspinall's results were obtained by 
means of a dynamometer in the drawbar behind a locomotive, the 
formula does not include the head resistance, which is experienced 

' Proc. Institute of Civil Engineers, vol. cxlvii., p. 155. 
* In Mr. Carter's original report, the data are given in feet, miles, and 
pounds. The author has ventured to add the metiic equivalents. 
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by the locomotive itself, or in the case of an electric train, by II 
leadiii*^ coach. In nrder to taLt^ woiue uccoiint of this, the variahl 
teim ill tlie ahove tonmila has been iiiereased by 5 per ccsiit., leailiitj 
to the workin^^ forniiila: — 

1% 
11 = 2,5 + --: lb j.m- ton 

5 

or U = 1,1*2 -f — kg per lun I 

InasHJUch, again, aw the eleetrical ei]uiptyent» whilst cloubtl 
adding somewhat to the air resistance, will not increase it 
anything like the proportion of the ad Jed weiglit, the above formnlH* 
hiis been applied to the imequipped train of 250 tons on 13% whilst 
the extra reniKtance due to the electrical eijiupnieut has been takei 
at the nniform rate of -1 lb [or— say- 2 kg] per ton. Thus, if 
be tlie equipment weight, the total train resiatance at epeod V is 
250 /i + 4 £ lb (2 

[or 250 U + 2 K kg]. 

The mean speed of the train whilst actually running is assumed 
to be 0,75 of the free running speed on a level track. The scliedul 
speed, including Berviee sLopB, is assumed to be 0,70 of the fr 
running speed. The mean train resistance will be greater tl; 
that at the mean running speed, inasnuich as the i)ortion dejiendiii 
on the speed varies a,s a power higher than the iirst. For instane 
if a run be made for 1 mile [1,G1 km] at a speed of 80 mil 
l>er hr [129 km pur hrj and 1 mile at 48 miles per hr [77 km 
per hr], the meau speed will he 0J5 X BO =^ 60 miles per hr 
[97 km per hr], whilst the mean train resistance will correspond 
to 65,3 miles per hr [105 km per hr]. Consequently, in obtain- 
ing the work done against train resistance, the mean value has been 
taken as that at 0,8 of free running speed. The energy output of 
the motors, expended in work against traui resistance, will be 
2 w hr per train mile per pound of mean train resistance [2,73 w hr 
per train km per kg of train resistance], | 

In order to take account ol the kinetic energy lost in braking at 
station and signal stops, slacks, etc., it is assumed, as sufficientlj 
characteristic of this service, that the speed of the train is reduced 
from free running speed to a half of this, once in every 15 milea 
[24 km]. Assuming that the effect of rotary inertia is equivalent 
to an addition ol 10 per cent, to the weight of the train, the effect 
of these slacks is to require an output from the motors ol 
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0,00155 M V^ w hr per train mile — M being the total weight of the 
train in tons and V the free running speed in m ph, [or 0,000374 
M]'^ w hr per train km where V is the free running speed in 
km ph]. 

Energy will also be used in shunting and in idle journeys. 
Additional energy will be required where the train resistance is 
increased by curves, crossings, bridges, tunnels, winds, etc. The 
general effect of grades is usually also to increase the energy con- 
sumption slightly. In order to take account of these factors the 
bare figures given by the above formula have been increased by 
15 per cent., making finally the mean output of the motors when in 
service : — 
2,3 X mean train resistance + 0,00179 A/P w hr per train 

mile 
[or 3,1 X mean train resistance + 0,00043 MV^ w hr per 
train km, when the train resistance is expressed in kg per 
ton and V in km per hr]. 
This quantity divided by the average efficiency of the equipment 
gives the energy input. The writer has found from experience that 
the above dynamical method of obtaining the energy consumption, 
if used with care, yields excellent results. 

In electrical apparatus where it is necessary to develop so much 
power in so confined a space as obtains in the case of train-driving 
motors, the heating of the vital parts of the motor will always be a 
limiting feature, since all available kinds of insulating material are 
more or less damaged or weakened by high temperature. It is 
necessary, therefore, to make the amount of energy to be dissipated 
the basis from which to derive the particulars of the train equipment. 
Thus, although no experience is available on the electrical operation 
of the class of traflic now under consideration, the investigation is 
made upon a basis derived entirely from experience in railway 
operation, and independent of the special features of the class of 
traffic. 

Railway motors of large size, such as require bogies of, say, 8 ft. 
[2,4 m] wheel base, if completely enclosed and without artificial 
cooling arrangements, are capable of dissipating, under service con- 
ditions from 1000 to 1250 w per ton of motor with an ultimate tem- 
perature rise of approximately 70° C, as indicated by a thermometer 
placed in contact with the hottest accessible part. The above figures 
for the power that can be dissipated include iron and copper loss in 
the motor, with the commutator losses due to brush contact resistance 



and friction. In order to allow for exceptionally great train 
resiBtance or weight, breakdown in train equipment, etc., it is 
advisable to base tlie calculationfi on tbe smaller of the above 
figures, viz.* 1000 watts per ton of motor* where there are no 
artiiicial cooling arrangernenta, since 70'- C rise by thermometer is as 
much as Bhoiibl l>e allowed in service. Where the mtitors are 
cooled by forced drau^^hl, however, possibly twice as great a dissipa- 
tion might be attained with suitable arrangements,^ This assumes 
that the motors are on the tnidis of the coaches, where they cannot 
well be given much attention. In a locomotive a somewhat j^eater 
draught might be used for cooling, as the motors can be kept under 
obHervation and deleterious matter more carefully strained from the 
air before forcing it into the motors. In the following it will be 
assumed that the motors are mounted on the trucks of the coaches, 
whici] IB, in tlie mattrr of opernfcion, preferable to the use of loco- 
motives, and is in any case Buflicient for the purpose of the present 
ge r I e r al d i sens s ion. 

The tollowiiig tabkva give the constants assumed in the calctda- 
lions. In thf^se tables, cohimn A gives average vahies found in 
practice emploving the continuous current system with motors couled 
by natural draught* ColumTi B gives to each item the best values 
that can be expected with this system. Cnhunn C gives the l^eet 
values that can be expiK^ted using the continuous current system with 
motc^rs cooled l»y forced draught. Column I) gives the l)est values 
to bo expected using the single phase system with motors cooled by 
forced draught. In the couthnious current systeTu, the supply to 
the motors is not necessarily at t!ie low pressures usual on urban 
systems, lait to the degree of approximation |uissible bere,tVie e^tact 
pressure of supply is not important. However, rather large ligiires 
ha%'^e been allowed for cost and maintenance of line conductors, to 
])rovide for a considerable quanlity of protecting boards. In the 
single phase system the constants have usually l>eeu chosen tnore 
favotiralile than could be attained at present, in order to make 
a 1 1 n w an (U3 for f u t u re i m pro vem (^ n ts. 

Iirmnrtu on Tuhlf AC//.— The difference between the first two 
items represents energy used in contrnlling the motors, inojierating 
the air compressors, etc.. and in the case of cohimti D the loss in 
the nuiin transformer. The ditTerence between the second and 
third items represetits euergy lost in gears, which has throughout 

* Tbo ©xaTn]ili^H worked tlirmigh in conneclioii with tbo Siometis Sobiickert 
!7o hp C4*rnjM?ii8iuU-*il eeries motor on pp, *li\\ to 274 iruliciit** this to be tbo case. 
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been taken as 4 J per cent, of the input. Motor-bearing friction, 
being a very email quantity, may be taken as included in this. If 
the motors were assumed gearless, however, the final results would 
not be greatly affected. The fourth item includes iron and copper 
losses in the motor, with commutator losses both of brush contact 
resistance and friction. In the class of service considered, the train 
operates for much of the time at free running speed where the 
brush friction will be large. The single phase motor will have an 



TABLE XCII 
Chnracterisiics and Conditions of Carter's Four Alternative Projects, 





A 


B 

85 


c 


D 


Averaf»e efficiency of complete equipment 


84 


85 


78 


A\erage efficiency of motor, includinfj; 


87,5 


88,0 


88,0 


82,5 


gear 










Average efficiency of motor, excluding 


92,0 


92,5 


92,5 


87,0 


gear 
Average loss in motors (per cent, of input) 


8.0 


7,5 


7,5 


13 


Ratio of motor weight to equipment 

weight 
Watts dissipated per ton of- motor 


0,6 


0,6 


0,5 


0,5 


1000 


1000 


2000 


2000 


Watts dissipated per ton of equipment 


600 


600 


1000 


1000 


Average efficiency of transmission (bus 


78 


80 


80 


89 


bars to train) 










Power used in generating station in per 


6 


4 


4 


4 


cent, of power generated 










Standby plant at peak of load in per 


30 


20 


20 


20 


cent, of total 










Trains in service at peak of load in per 


62,5 


62,5 


62 5 


62,5 


cenl. of total 










Load factor (per cent, for 365 days per 


35 


45 


45 


45 


annum) 










Train miles per annum per mile of single 


10 400 


10 400 


10 400 


10 400 


track 










Train km per annum per km of single 


10 400 


10 400 


10 400 


10 400 


track 











especially large brush friction on account of the large number of 
brushes which are required, whilst it will, in virtue of its 
characteristics, require to be run for much of the time at reduced 
voltage and correspondingly reduced efficiency. 

With equipment weight defined as above, the motor weight is 
usually about 60 per cent, of this in the continuous current system 
with natural draught. If with forced draught, it is possible to 
reduce the motor weight by a half, other apparatus being unchanged ; 



21»ft 



HEAVY ELECTRICAL ENGINEERING 



this weight wouU liecome 43 per cent, of the equipment weight 
To assume it at 60 per cent, is probably somewhat favonritl^te to 
forced draught. This figure is aUo fair to the single phase system 
in which the controlHng gear includes heavy transformers. 

The efficiency of transmission, in the case of the cou tin nous cur- 
rent system, is taken from experience^ but it is estimated for Ibe 
single phase system. The number of trains in service at the peak 
of load, and the load factor, have been estimated from main hne 
time-tables, and are both probably a little high. The load factor 
may be defined as the ratio of the average load for the year to the 
average during the time of the maximum daily peaks. It is assumed 
that tlie full toad capacity of the plant, exclusive of standby, is just 
sufficient to provitle for the average hjad during the time of tlie 
maximum peaks^ts overload capacity taking care of vrirmtiMn^ 
above the average. 

The hist item gives the number of trains passing over each uulti 
(kilometer) of track, being the average for the whole kingdom. It 
is oljtained from the Board of Trade returns for 1905 by dividing 
the total train mileage {100 millions) [or a total train kilomttterage 
of ti45 million] by the total lengtli of running track of l\H 480 miles 
((52 000 km). It is usud in estimating the expenses per train mile 
^train-kilometer) for upkeep, etc, of line conduetors. 



TABLE XCIIL 
Capital Otitlfttf tilth Parter^a Fmir AfttrmtHi^ PrfijtfU* 




I 



Cost fjonemfciiiK station, £ per kw oftptwsity 
Cost siilj-rttatioiiH, £ [tev kAV generating 

station cajineitv 
Cost trtmsiuission lines, 4* per generating 

station cajiAeitv 
Cost train e<inii)nient» £ jier ton weight 
Allowance for rnntin^i'm i^'s 
Cost line coodnctorH, M [nn' mile L»f single 

track 
Cost Hne condtictors^ £ pyr kjn of single 

track 



A 


D ; 


18 


u 


10 


7,5 


3 


2,5 


120 


90 


5 


5 


\ma 


ior30 


750 


(V20 




B 



Ih-marh on Tahle XCIiL — The cost of the generating »Lalian 
includes site, buildings, do{?k9, Hidings, etc., as well aR the actual 
plant. Tbe minimum for the single pliase system ia taken at lo*. 
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per kw more than for the continuous current system, inasmuch as 
single phase generators are about one-third more expensive than 
three-phase generators of equal full load and overload capacity. 
The cost of sub-stations also includes sites, buildings, and all 
necessary for completeness. The cost of transmission lines depends 
on the lay-out of the distribution system, as well as on the capacity, 
but being a comparatively small item, an average figure per kw 
has been assumed. The figure has been taken 10s. per kw lower in 
the single phase system than in the continuous current system, 
although there would be more copper for a given pressure between 
conductors, since the lines would doubtless be carried on the gantries 
provided for supporting the overhead line conductor, so that a line 
of poles would be saved. 

The cost of train equipments is rather more when forced draught 
is employed than when the motors are naturally cooled, inasmuch 
as the total cost will not be diminished in the same proportion as 
the weight, whilst the arrangements for providing the forced 
draught will add to the cost. The single phase equipments 
will be more expensive than continuous current equipments, 
principally on account of the motors being more complicated in 
construction. 

The cost of line conductors in the case of the continuous current 
system includes a third rail, bonding of track rails, protecting 
devices to ])revent accidental contact with the third rail, the equip- 
ment necessary for an average amount of special work, sectionalising 
and isolating switches, and other accessories. In the single phase 
system the cost includes the overhead conductor mounted on 
insulators and carried in general by gantries spanning the line, 
bonding of track rails, boosting transformers, special work at 
bridges, tunnels, turnouts, etc., with sectionalising switch cabins and 
other accessories. A cheaper form of construction might be adopted 
on a tramway or unimportant branch line, bqt the figure given is 
certainly as low as would be possible if the substantial construction 
characterising British railways were adopted. 

Remarks on Table XCIV, — The cost of power includes coal, water, 
oil, waste, etc., wages, oflBce expenses, removal of ashes, and all 
expenses in connection with the repair and renewal of plant. Even 
in the largest and most modern generating stations, carrying a 
railway load, it is rare for this cost to be less than 0,275 pence per 
kw hr (Le., per ** unit ") of output, and the minimum figure of 0,226 
pence is hardly likely to be reached unless .coal can be obtained at 
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pit-bank prices and other circumstances are favouraMe. The sal)- 
station expenses are deriverl frooi experience in the case of the 
continiiniis current system, and are eBtiraated for the single phase 
system. The standing charges inchide rates, taxes, insurance and 
the like, on generating station and snb- stations. They are estimated 
at 8 per cent, of the first cost in the case of cohimn A, and at 2 j i)er 
cent, in the case of the other three columns, and are exx^ressed in 
the table in pent'e per kw hr generating station output. The 



TABLE XOIV. 

Opetatinif Expm^ti vjiih VurUis Four Alteniniitfe Prttf^ciK 



Generating expenses, pence p*?r kw hr 


A 

0,275 


B 


c 


D 


0,22r, 


0,225 


0,225 


oiHput 










Syb-sitiLion e^iwrisos, pt*r kw hr uiitpiit 


0,025 


0.02 


0,02 


0,006 


from j^t^nerating siiation 










SfcaniiintT rliarges, generating station and 


0,094 


0,0428 


0,042d 


0.0ft48 


Hub- station 










Maintenance transmission lines per kw hv 


0.0O6 


0,0045 


0.0045 


0,0(M5 


output from generaiiag station 










Maintenance train ecjinpments i>er nnk 


cooi'iri 


0,0011 


0,00125 


0,002 


per hp 










I^faintenance train equipmentB per km 


0,00078 


0,00060 


0,00078 


0,00124 


l)er lii) 










Mtiiiiteiiance line conductors per train mile 


o.firi 


0,46 


0.46 


0,75 


Maintenance line conductors per train km 


0.342 


0,286 


0.286 


0,465 


1 Drivers' waj*CH per train mile 


2,99 


2,99 


±m 


2.99 


Drivers' wages per train km 


i.Ba 


1.86 


1,66 


1,86 


Interest on capital, excluding line con- 


8J5 


a,75 


3J5 


3,75 


duefcors (in per cent.) 










Interest on capital, line con dm? torn, per 


1,04 


0,86 


0,86 


1,12 


train mile 










fnterest on capital, line ronduetors, per 


0,65 


0.54 


0»54 


0.70 


train kjn 











a 



hk 



Toaintenance of transmisBion lines is a small matter, and tlie 
iigoreH ^ivmi are taken from iirliaii practice. 

The ojaintenance of train eiiiiipmenls depeod.s on the nmnber of 
eqiiipmentH per traio, or on the hnrse power. The figures given 
are exi>ressed in tenoH of the horse power required at free running 
speed f>i» level tniek, and are a]>proximately correot when the 
motors are large and mounted on the hogies of the coaches. The 
eingle phase Bystem as eoui pared with the t'ontinuous current 
Bystem will have approximately twice as many motors for a given 
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horse power, and the motors, being more complicated, will be more 
costly to maintain, so that the figures given are really much more 
favourable to the single phase system than to the continuous 
current system, and allow a great deal for future improvements in 
the former system. 

The maintenance of line conductors in the continuous current 
system is not a heavy item, as the third rail does not appear to 
wear appreciably with use. Including inspection, renewal of pro- 
tection boards, occasional replacement of broken insulators and 
bonds, with the bonding of renewed track rails and the extra 
material and labour involved when sleepers are renewed, the annual 
expense is estimated at iJ20 to £25 per mile of track [£12 to jE16 
per km of track], and the figure given is 2 per cent, of the first cost. 
In the single phase system the catenary and trolley wires will 
require occasional renewal, whilst the gantries will require 
periodical painting and overhauling. The expense involved, 
together with that of inspection, replacement of broken insulators, 
track bonds, etc., is estimated at £30 to £40 per mile [£20 to 
£24 per km] per annum, and the figure given in the table is 2J 
per cent, of the first cost (£82 lOs. per mile per annum) [£20 per 
km per annum] . 

The fi}:];are given for wages of drivers and assistants is an average 
figure derived from steam operation. It is subject to the correction 
of those in a better position than the writer to estimate on the 
matter, but is inserted here provisionally for the sake of complete- 
ness. It is obtained as follows : The Board of Trade Returns give 
figures for wages in connection with the working of locomotive 
engines for a number of the chief railways of the country. In 
1905 this expense amounted to 3,78 pence per train mile [2,85 pence 
per train km]. This, however, includes not only wages of drivers 
and firemen, but also of cleaners, coal handlers, etc. The propor- 
tion of the total which is paid to drivers and firemen is taken the 
same as quoted in tlie late Mr. Langdon's paper "On the super- 
session of the steam by the electric locomotive,*'^ leading to the 
figure f];iven. 

The interest on the extra capital needed for electrification is taken 
at the rate of BJ per cent, per annum, which appears to be approxi- 
mately the value of money invested in British railway securities. 

The results of the calculations as derived from the constants in 

» Joum. I.E.E., vol. XXX., p. 139. 
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the al>ove tables are embodied in the curves of Pigs. 181 to 188. In 
Figs, 181 A to 1H8 A, the curves of Fif^s. 181 to 188 liave been 
replotted id inetrie meaaure. Figs. 181 and 182 8h<»w respectively 
the capiial outlay and operating expense for the constants in the 
columns niarlved A in the tables, beinfr segregated to show how the 
total is built up. Figs. 183 and 181 stand in the same rebUion to 
the columns marked B ; Figs. 185 and 186 to those marked C, and 
Figs. 187 and 188 to those marked I), The curves of capital outlay 
' include only the items that can be expressed **per train/* that is» 
they do not include Hue conductors where cost is naturally expressed 
**per mile*' [kilometer], and is given in Table XCIIL 

In order to show exac-tly how the curves have btren derived, a 
calculation for a particular point will here be given. The constants 
will be taken from column A, and the free running speed on level 
track will be assuineil at 75 miles per hour. 

The mean train resistance, namely, that at f*0 m ph (0,8 of 75 
m ph) as given l>y formula 1, is 17, J? lb per ton, or 4880 lb lor 
the 250 ton train. To this must be added 4 Hi per ton of equip- 
ment weight. A sim[ile equation for the latter quantity is obtained 
by equating the \ohe iu the motors expressed as 8 per cent, c»f the 
input (det'ivetl from forninhi 8 and the motor efficiency) to the loss 
expressed in watts as (>00 times the equipment weight. This gives, 
in the present case, an equipment weight of llT.fj tons. The total 
mtjan train resistance is, therefore, 4830 -f 470 = 4S0(> lb, and 
the output of the motors* given by formula 8, is 14 720 \v hr [jer 
train mile. Dividing this by the equipment efficiency o! 84 per 
cent,, the input measured at the train is 17 580 w hr per train mile* 
Dividing again by the transmission efficiency (7H pi?r cent.) the 
energy output of tlie generating station is 22 500 w hr jier train 
mile. Theschedtded speed being 0,7 of the free running speed, the 
average power output of the generating station is (0,7 x 75 x 22,5) 
1180 kw per train in service. Taking account of the number of 
trains in service at times of maximum load» as conii>ared with the 
total number, the amount of standliy plant, and the power used in 
the gc3nerating station itself, we obtain for the capucity of the 

. ^ 1180X 0,*125 _^^,^ , ^ . _ ^ . 

generating plant, ^ nm = H-'^l k\v per tranu the tram 

u, i X u,y4 

resistance at the free running speed of 75 ml ph, as given by 

formula 2, is 6470 lb. The powder required for free running is 

therefore 6470 X 75 -^ 875 = 121M hp. 

The avenige distance covered by each train iu ihu course 
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of a year is 0,7 x 75 x 0,35 X 0,625 X 24 x 865 = 100 500 
miles. 

The capital costs per train are, therefore, as follows : — 

Generating station complete 1121 kw at i;18 per kw 
Sub-stations complete 1121 kw at i'lO per kw . 
Transmission lines, 1121 kw at M*d per kw 
Train equipments, 117,5 tons at £120 per ton . 
Contingencies, 5 per cent, of the sum above 

Total capital outlay per train . 

Capital outlay on line conductors per mile of single 

track (Table XCIII.) i:i200 

The operating expenses per train mile are as follows : — 

Pence 
Generating costs, 22,5 units at 0,275(Z. per unit . .6,19 
Sub-station expenses, 22,5 units at 0,025(/. per unit . 0,56 
Standing charges, 22,5 units at 0,094(/. per unit . . 2,12 
Maintenance transmission lines, 22,5 units at 0,006(2. [)er 

unit 0,13 

Maintenance train equipments 1294 hp at 0,00125c/. 

per hp 1,62 

Maintenance line conductors, iJ24 per 10 400 miles . 0,55 

Wages of drivers and assistants 2,99 

Interest at 8J per cent, on i:51 290, 100 500 ml per 

annum 4,59 

Interest at 3 J per cent, on £1200, 10 400 ml per annum 1,04 



Total operating expense per train mile . . 19,79 

The chief object that Mr. Carter had in view in carrying out this 
investigation was to show how electrical operation compared with 
steam for main line service. Mr. Carter points out that the actual 
comparison must, however, be left to those in a position to form an 
estimate of the costs of steam operation for this class of service. 
The railway companies' returns give average figures including 
goods and 2)assenger, local, main and branch line service, but do 
not separate the results and show what would be the cost for such 
trains and such service as are discussed in this thesis. Mr. Carter 
states that since he is not in a position to ascertain what these costs 
would be, he accordingly leaves the subject at this point. 
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HEAVY KLECTRICI 

Sprague, in a recent paper eotitlcHi ** Some FacU ami I*iotii 
bearing ou Electric Trunk Line Operation,** Biafces^ *• The amm 
current and the three pba^e uioturs each have a oonLiimoufi ntel 
energy input, while the single pbasa luatior has an intermitteinti 
variable rate. Moreover there is combined in the singk 
motor two distinct functions^ those of a motor and of a I 
and the latter cannot be entirely eliminated. The r^oliiij 
reduction in both normal and overload capacities. It is m 
{larticular that the single phase motor* despite a great 
of eiperimeiital development^ hiis remained defective; aod *h 
nut prohibitive to the extent of making it an nn workable 
its detects are so inherent as to plac« it at a seriouss disadiifr^ 
tage in individual comparisons with other tyi>e8 of motors. 
attain the pre-euiiuence hoped for, the external advantaged i 
current supply must be very marked. In fact, rated in the sum 
manner and under like physical conditions, it is only about half U 
good as the continuous current motor. Or to put it another way, 
the weight of the complete single phase electrical equipment on » 
car or locomoiive, including transformers, motors and cotitroltiiig 
apparatus, for continuous hard service, and with like phy^iaJ 
limitations and ventilation, is about twice that re4iuirt<i lor 
continuous current apparatus* In addition to this there is. ol 
course, a material increase in the mechanical equipment necesisarv 
to carry the electrical apparatus. The reason is simple— il is 
because of the heat generated on aeeoimt of lower elect 
efficiency, and of working the lields ol the moturd at a r« 
magnetic flux/' 

Sprague eonchides his paptir with the following statement :^*] 
one can deny that if the single phase motor be developed to a 
state of weight efficiency, unban dicapped by excessive weight of i 
collateml apparatus necessary on a car to utilize it, and if 
capacity of comlucturs, especially steel conductors, for altornat 
currents can by an}^ discovery be raised, the elimination of movi 
machinery in, and the simplification of sub-stations would open un^ 
very extended and iniportaut tield for the use of this type of apparatus. 
It seems to me that the present principal hojie of usefulneiss of 
the single phase system is on roads of considerable extent whic 
operate an irregular and sparse traffic, and where only a moderat 
expensive, or what may be called a second class overhead construJ 
tiou which will keep down the ratio of line investment to that of 
balance of equipment, is tolerable. As one departs from 
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condition, adopts more permanent construction, and faces the 
problems of denser traffics and liigher capacities, the advantages of 
the single phase system will disappear, and the auperiority of the con- 
tinuous current equipment, with such improvements as are in sight, 
will become manifest. But whatever may be the future of single 
phase operation under the conditions stated, any present claim for 
it as the preferable equipment for congested service demanding high 
schedules and great capacity is not worth a moment's thought, for 
in this field, at least, it cannot touch the continuous current system. 
I see no practical necessity to formulate conclusions by averaging 
conditions, and I cannot conceive the responsible officers of any 
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trunk line road being guided in their determination of what seems 
best for their own requirements, by consideration of what some 
road thousands of miles removed in location and enormously re- 
moved in operating conditions may do." 

In selecting the lines along which to work in improving the net 
earning capacity of a railway, while we must make every effort to 
employ the most appropriate systems and equipments, we must not 
overlook the fact that there are other conditions essential to success 
which, although they are altogether independent of these engineer- 
ing considerations, must be taken carefully into account by the 
engineer. Heavy capital outlay has already been incurred by all 
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lar^e rtiilwayg. and proviBion for intert^j^i aiui dLpreciaium on thl 
outlay will LMnislitute one of the largeBl itcins for which {trovidion 
must he made from the earninga. It b important to make eviery 
effort to increase the millions of seat kilometers per tuintim {yer 
kilometer of route. This i.s a function of the headway hetweeo 















TABLE XCVL 










■ 


H 




Co^mtkratwiis affeeU^t^ ika Voukmeni^ Huceut of £U<in£ Uailwa*/ L nuitritu.*n0^^^ 


1/ 


• *-' 


1 tiiiM« lt4HTt|ilM In t'iiiii»c}a (for Avrrt^u h'nm in 






- i 


lirdnmU or n feiiiiy p»»r rA<MiM)|p*i ki» »Utra Hi 


Iff Oiii*r»UiiK Expend* in P«ic« |*f 


St 


"~ u :- 


£| 


Top 01 otuOi U>IuiiiU^ 


100 ^mi km fiUi«iJ lil Tup of <!a«li Cuiiiakk 


- 5 




= 1 




t 




i 


0,86 


0.40 0,46 

1 


0,60 


(^5$ 


o.w 


1.0 


M 


J.0 


Xfi 


^ 


fl 


»| 


18 


10 000 


21700 


24 400 


S7I0O 


8}UM¥» 


»'l W¥1 












fl 


M 


l9/i 


t8 400 


32 M» 


MOOO 


40 600 


44 71- r"--. 


SttfiO 


4000 


3900 


^rm 


6190 


^^^H 


0.4 


SO 


88 000 


48 400 


4g80O 


M900 


w*. 












^^^H 


t 


U,2 


90 


wami 


ss»oo 


ST 600 


4U1O0 


4^ 












^^H 


my 


0,8 


BO 


43 7.V» 


60 000 


6rt250 


02 500 


n^ >,i- . . .«.H 


I 41510 


esao 


8240 


W9m 


11 too 


^^H 


( 


0.4 


40 


&ii 4«ilt 


(V) OOO 


T5 000 


SS900 


i»i i^-i 


UlKI IN»II 










^^H 




0,2 


W 


JimicMi 


4:S400 


4HI«I0 


54 300 


641 MMi 


1:. 1 llMJU 










^^H 


13a' 


o,a 


!W 


&0 wm 


«% OCJO 


7a'if»0 


j?i2no 


W 4<n» 


1»7 MIO 


♦ mm M«> 


10 7211 


11400 


%€W 


^^H 


1 


i,4 


b'l 


7(1 ^«l 


8ii WW 


117 000 


IW 4iiO HP t»iO 


mMMxi 










^^H 


i 


c^a 


i^ 


4« 7r»ij 


53 4ori 


ISO (lOii 


OtiiJilO 1 78 40<> 


r5t> Of 10 










■^^1 


ml 


0,9 


U 


70 0(Kt 


wo^io 


m (W) 


H10 <wj(> 


UOOfKl 


1-20 non 


* 0000 10IW» 


tsssio 


i6€tm 


SOOOi 


I^^H 


{ 


0,4 


4H 


03 4i»t> 


iWihOO 


l^^KMJII 


133 t!00 


140 BCKi 


\ai \m 










j^^H 


i 


0»2 


40 


AS 4C)0 


(irfS t>iiO 


7& iiU» 


i*:! 200 


5*1 rtHi 


ItMMMMl 










I^^H 


«n 


o»a 


m 


Ji- /•rt<» , 


\m (MN) 


mawt 


12:* 000 


m rrfHj 


r-.<>oi>o 


1 ftsaoja&oo 


HdOO 


meob 


SAOIN 


j^^H 


\ 


(►,4 


80 


1 »<i HtiO 


utasoo 


IfiOOOO 


liW-KWI l«ft'JlHi 


•J-(WHJ(M> 












^^H 


i 


i».a 


4f$ 


1^7 atH> 


7<t NOO 


fits 400 


!*(l 000 lOa HJO 


ll'.WWI 












^^H 


,^\ 


o.» 


<IH 


irii r4Mi 


nr. (HKi 


ll'!>40O 


I4HMK1 hVStPNl 


J7J VIO 


' «oo 


14 4011 


19000 


SBtUO 


film 


slH 


^ 


0,4 


OJ 


1S4 41 KJ 


].%,'JO<>0 


172^1 Ml 


(O'JIHK) 2H CMI 


230 ijOfl 
















0,3 


&y 


Tr^ iHUi 


H(i i^iia 


Si; iRHi 


lOH 40() 1 tV 2*X) 


tail mm 










1 




m\ 


o.a 


T» 


IVMm 


irWI IMK) 


Ui) 40rj 


ir>a 4(M) 1 178 J30(> 


IPS OOO 


* 10 720 


IA230 


21440 


JASOU 


ntm 


8;«iii- 


I 


0.4 


104 


IMJIWHt 


i7»4tm 


11*'. -iOii 


l>ki800 2Jib400 


fldOOOO 
















O/i 


Cig 


H4 Tiff' 


V7 Win 


l<«' 0<io 


I'JHHW msooft 


11 f. 000 














«c.| 


o.a 

f\2 


»7 

lid 

64 


'j" 


11 141 


II'IHUMI 


I >i I flow 1{K> 

-'41'flOa 2>'^ 
VA:i in HI ■ Ih 


"' 


U2000 


18IA0 


IMOOU 


so 000 


mmt9 


43 «■ 




0.3 
0.4 

0/i 


9t( 
«0 


IHf. MOn 




1^,. fi,*, 


■:"'■:'' ::■ 




1 13 200 


SO 000 


20 700 


ssaoo 


40 000 


i 


400! 
\ 


(1^ 

0,4 
0.3 




I7r> OiWi 






. : -I" ' :, ^ J .u 




' lUfiflO 


26 0(10 


83 000 


41000 


MOtKl 


1 


«..; 


0.8 

n.4 


144 


L'l- ■ ' 






_ , ., , 




J- 20 000 


80 000 


40 000 


50 000 


MOOO 


■ 


..{ 


0,2 


H2 


i< 






... .Ml 


_'^<> 000 












^M 


OJ 


1« 


24^ IKNI 


2S(» i.MNd Ul !", JjfhH 


, :i.>M>M bSj*'^"' 


l.'M »MM} 


1 23 300 


83000 


40 000 


30 400 


TO 000 




0,4 


lj»^ 


337000 


1 374 000 j 4L'0 0(10 


1 407 000 1 51 a. .-H. 


,1 :l 1 (HHt 










m 



All vnliKMi MtnttMl an **|>er unnttcn jwr kilouietftr of ilmible tmck«'* 



trains and the number of seats per train as Bhown in Table XCV* 
Hence we muat provide long platformfl at stations and trains 
deeigned for maximum suating capacity per meter length of train, 
and we must run with a minimum of headway between trains. 
Table XCV. also shows ub that the milliooB of seat kilometers i>er 
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annum per kilometer of route is independent of the schedule speed. 
High schedule speed will, however, be an inducement to traflSc, and 
will improve the train load factor, that is to say, the average percent- 
age of the seats occupied during the entire year. The cost for power 
for obtaining moderately high schedule speeds is an insignificant 
item, and should not be a deterrent ; but beyond a certain point, 
the seats per meter of length of train will be seriously limited by 
high schedule speeds, and this will be a factor in determining the 
speed consistent with maximum earnings. The fares should be 
adjusted to the value at which, with the train load factor, resulting 
from them, the gross receipts per kilometer of route are a maximum. 

Some roads would be able to increase their earnings by lower 
fares in pence per kilometer, others by higher fares. The receipts 
corresponding to various schedules, train load factors and fares per 
passenger-kilometer are set forth in Table XCVI., in the last section 
of which are shown the running costs in pounds per kilometer of 
route, for various running costs ranging from 2,5rf. to 5d. per hun- 
dred seat kilometers. In the examples worked out in this article 
the running costs were about 9d. per Hundred seat kilometers. 

An enterprising management, with an appreciation of the 
engineering elements involved, and always on the alert to introduce 
incentives to traffic, and thus to improve the train load factors for 
a given fare per passenger-kilometer, can, in the case of any given 
road, often exert a more marked effect in improving the earning 
capacity than can be accomplished by engineers. 
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APPENDIX 



ABBREVIATIONS AND EQUIVALENT VALUES FOR UNITS OF ENERGY, 
POWER AND PRESSURE 



TABLE XCVII. 

Energy UnifSy vuth Abbirmitiona ; and Corresponding Values ex^iressed 

in Jnnlf'x.^ 



Unit. 



1 Kilowatt hour . 
1 Kilogram caUiri*' 
1 Kilogram lupler 
1 Horse power hour . 
1 British Thermal unit 
1 Foot pound 



Abbreviation. 



Value in Joul»'s. 



1 kw hr 


.•{ «oo (m 


1 kKcal 


411K> 


I k:^ m 


1».S1 


I hp hr 


2 am <M¥i 


1 U Th U 


io;.5 


1 ft III 


i,3:i4i 



TABLE XCVIIL 
Potoer UniUy with Ahbreviatxons ; and Corre^tpondiny Values ex}yressed in Watts. 



Unit. 



1 Kilowatt 

1 Kilognun calorie iM*r siM-ond . 
1 Kilojjram niet4.'r \wt second . 
1 Horse pownr .... 
1 Briti.sh Thermal unit ixir seooml 
1 Foot pound i)er second . 
I Joule ]>er second 



Abbreviation. 


V« 


lue in WatiM 


1 kw 




1000 


1 kj; cal ps 




41SH) 


1 kK HI pM 




9.81 


1 hp 




74<J 


1 B Th U ps 




IWiS 


1 aibps 




l,36(i 


1 joule ps 




1,000 



' Tho joulo may lie dt^fiiieil as 10' orgs, or as one watt necond. 
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TABLE XCIX. 
Equivalent Vcdue$ for Enrr^ cnprtaed in difitrmt Units {Engli^ ana 



KgcaL Kgm. 



Uphr. 



BTbU- 



Ftlb. 



1 kw hr in eqiiAl to 

1 kg cal 

1 kg in „ 

1 hp hr 

iBTliU „ 

1 ft lb 

1 joule 



1 

0,00116 
0,00000272 
0,746 
0.00021IS 
0.000000877 i 



I 



MO 
1 
O,0O2»4 
*V4l 
0,252 
0,000324 
0,000000278 i 0,0002385 



Jrt7 000 

427 

1 

?74 00D 

107,6 

0,1SS2 

0.1020 



l.» 

0,0015££> 

O.OOOOQMS 

1 
0,000898 
0.000000606 
0,000000873 



3411 

3,97 

0,0r«l30 

1 
0,fl012R5 
0.00(M8 



: SS59 000 

7.23 
19«a0 000 
I 778 

1 
i 0,738 



;1^ 



TABLE C. 
EquiifiieiU Values for Pmrer expressed in different Units {Engli^ and 



Km. 



KgcalfM. Kgnips. ; Hp. 



BThU|M.jFtlbps. 



1 kw hr is wpial to 


1 


1 

1 0,*23S 


102,0 


1 1.34 


0,947 


737 


1 kgca] jM ,, ,, 


4.20 


1 


427 


1 5,«1 


S,»7 


30SS 


1 kg ni \*H 


0,0fK»81 


0,00-234 


1 


1 0,00315 


O,00fk90 


7,23 


1 1«P „ .. 


0,7 Hi 


0,1781 


76,0 


, 1 


0.707 


550 


IBThUps „ 


l.O'o 


0,252 


107,6 


, ,415 


1 


778 


1 ft lb ],% 


0,(KM3^») 


0,(Ktf\^2i 


0,1 8S3 


O.00181S 


o,nru_>S6 


1 


1 joule ps ,, ,, 


o.rnu 


0,0rjf»23S.'. 


<»,Hr2ij' 


0.UUKM2 


O,00fli»48 


0,738 



TABLE CL 
Pressures. 



1 lb i» s(i in . 
1 kg p »q iiini 
1 in of infrcury 
1 mm of mercury . 



Lbpsq in. 



Kg p sq cm. 



1 
14.22 
0.4912 
0,0193 



0,0703 

1 
0,0345 
0,00130 



Inches of Mercury. ' Mm of Merci 



2,086 
•28,96 

1 
0,03937 



51,71 
735,5 
25,4 
1 
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[By E. S. W.] 

Note. — Tht Jignrts thromjhont refer solely to the jHtyes of the lMH)k, NOT to 
the numbers assigned tit tlie difftrent illustrations or tables, 

Aachex, Aiiuiial output and overall efficiency of generating station, 

Tables 29, 30 
Absolute pressure, 2 
Acceleration 

Graphical deteimination of value of mean acceleration from speed time 

curve, note^ 223 
High rate of, for service with frequent stops — CC o, single phase motors, 284 
On the motor curve, 223 

►Schedule speed and, relation between, 231, /'V//^. 232, 233 
Tractive force, speed and, relation between, 234 
Accumulators, transmission loss in, 32 
Adiabatic expansion, 17 
Admission pressure, effect on steam consumption of steam turbines and piston 

engines, 73 — 7o, 87, 88 
Air 

Pumps, 98 

Kesisttiuco, relation between mechanical resistance and, 228 
Allen, R. W., tests showing relation between temperature of condensing water 

and exhaust pressure, 100, Fig. 101 
Allgemeine Elektricitats Gesellschaft 

Data of traction motors and equipments, Plate XVI. 

W. E. 51 motor, data, 248, PlaU XVI. ; comparison with G. E. 69 B. 
motor, 251, i'V(/. 253; energy consumption calculations, 
276—280 
Zosseu motor car, rolling stock datie^ TaUe 230 
Alternating current. 

Suitability for main generating station, 118, 119 
System of transmission. Hee High Tension Transmission Systems. 
Alternator windings, mechanical design, 109 
Alternators, excitation power for, loo. Table 154 
Aluminium 

Cables, 192 ; comparative costs of copper and, 194, 195 
(for) Overhead transmission lines, 160; copper versos, 161 — 163, 171 — 174 ; 
data of lines in various countries, 177 ; dimentdons, weights, and costs, 167 
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jH AnalyKiw of losses in 

Gt^neratiii'j^ station, .'J6 
Supply system, '&2 
Atidrews, estiinat-e of total cost for conduit laying, 198 
Animas Power Co., Colorado: overhead transmission line data, Table 177 
Annual overall efficiency of 2(i generating stations, 29 — 31, Fiy. 28. See a/* 

Efficiency. 
Asi)inall. formula for tractive resistance, 220, 291 
Atmosphere, metric, unit of pressure designated as, note, 2 
Auxiliary plant, 155 
j Advantage of steam-driven accessories, 156 

Ilighfield's costs for CC and AC systems, Plate XI. ; criticisms of, 209 
I ; Average speed, 218 

Axles, calculation of energy consumption at, 233—238, Plates XII. and XIII. 

Bakeuloo Railway, data of motors and equipments, Plate XVI. 
Baltimore, Ohio, data of traction motors and equipments, Plate XVI. 
Barrow, annual output and overall efficiency of generating station. Tables 29 

30 
Bath Electric Tramways generating station 
Coal storage. Table 142 

Engine room and boiler house data, Plates VIII. and IX. 
Bearing friction losses, Lewicki*s tests on 22 kw de Laval turbine, 82 

Fiy, 80 
Behrend on 

Single phase system of electrification, 288 
Thury CC scries system, 217 
Belluzzo, wheel friction loss testes, 82—84 
Berlin 

Ehn^tiicity supply. Table. 42 

8tro(^t lighting, relation to private lighting. Table 41 
Berlin Electricity Works 

Fuel, cost and calorific value, 20, 27 

Generating station, particulars of, Table 34 ; efficiency, 26 
Berlin Elevated Railways, general arrangement of power house, Fig. 139 
Birmingham 

Interior lighting data, Table 39 
Sumner Lane generating station, 
Coal storage. Table 142 

Engine room and boiler house data. Plates VIII. and IX. 
Tramways (Smothwick), engine room and boiler house data. Plates VIII. 
and IX. 
Board of Trade unit, 2 
Boiler 

Efficiency of steam generating sets, 53 

Pressures for steam turbines, 64 ; Eotscher's steam consumption testSy 

87 
llooms, size of, 131 ; data of certain generating stations, 134, 135, 
Plate IX. 
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Boilers 

Cost : average per kw, Table 155 ; Highfield's costs for CCand AC systems, 
Piate XI. ; criticisms of, 209 

Number and arrangement, 60, 61 

Space occupied by, 58 

Water-tube type for generating stations, 58 ; capacity of, 59 
Boston Elevated Railway, data of motors and equipment, 248, Plate XVI. 
Boston (Mass., U.S.A.) Edison, particulars of generating station, Table 34 
Bournemouth, interior lighting data, Table 39 
Bournemouth Corporation generating station 

Coal storage. Table 142 

Engine room and boiler house data. Plates YlU. and IX. 
Bradford 

Generating stations, particulars of. Table 34 

Growth of demand for electricity per inhabitant, TaNes 44 and 45 
Bremen electricity supply. Table 42 
Breslau 

Electrical output and efficiency of generating stations from 1901 to 1905, 
Table 47 

Electricity supply. Table 42 
Bridlington Electricity Works, engine room and boiler house data. Plates VIII. 

and IX. 
Brighton, surface tramway load data, Table 41 
Brighton Corporation (Southwick) generating station 

Coal storage, 2'able 142 

Engine room and boiler house data. Plates VIII. and IX. 
Brimsdown generating station, particulars of chimney shafts. Table 144. 
Bristol tramways, arrangement of power station, Fiy. 126 
British thermal units, equivalent of 1 kw hr, fwte, 19 
Brown Boveri, weights and other data of motors and equipments, 261, 

Plate XVI. 
Brushes, dynamo, coefficient of sliding friction, 234 
Brussels Electric Tramways generating station 

Coal storage, Table 142 

Engine room and boiler house data. Plates VIII. and IX. 
Budapest, annual output and overall efficiency of generating station. 

Tables 29, 30 
Buenos Aires, annual output and overall efficiency of generating station, 

Tables 29, 30 
Buildings and chimneys, average cost per kw. Table 155; Highfield's costs for 

CC and AC systems, Plaie XI. ; criticisms, 208 
Burford's estimate of total cost for conduit laying, 198 
Burgdorf-Thun Railway 

Data of traction motors and equipments, Plate XVI. 

Rolling stock data. Table 230 
Burnley Corporation generating station 

Annual output and overall efficiency. Tables 29, 30 

Engine room and boiler house data. Plates VIU. and IX. 
Burton, surface tramway load data. Table 41 
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j Cables 

Aluminium, 192 ; comparative costs of copper and, 194, 195 
Comparative cost for rotary converters and motor generators, 1 14 
Three-core lead covered, for underground transmission. 

Cost : estimation, 185—192 ; comparative, for AG and OC syst^ 

206 — 208 ; comparative, of copper and aluminium, 194, 195 
Dimensions, weights, and costs. Table 188 
Factor of safety for AC and CC systems, 215, 216 
Insulation : cost, wo<e, 186; thickness, 181 — 184; compaiisou for 
]/• andCC, 206, 207 

! *i 1 Lead covering, thickness, 184 

r i Sections of core, 179, Table 180 

• I Calculations, traction. iSee Electric Traction Calculations, 

i I Calorific values of fuels, 18; examples of amount of energy contained in 

:, I ton of coal of a calorific value of 8700 kw hr per ton, 19 — 21 

j .1 Candle power hours per kw hr, 11 

'! . Capacity of single generating station, 50 

ir , ' Capital outlay and operating expenses of electric traction, 288 — 301; c 

I parison of CC and single phase systems, 296—300, PUUea XVIU. 

j: • , XIX. 

i Cardiff 

Interior lighting data, Table 39 
Surface tramway load data. Table 41 
Carlisle, surface tramway load data. Table 41 
Carter, F. W. 

Capital outlay and operating expenses of electric traction, 2SS — 301, F 

XVIII. and XIX. 
Single phase r. CC systems of electrification, 287 
Weights of motors and equipments, Plate XVI. 
Central Electric Supply Co.'s generating stations. Table 34 
Coal storage. Table 142 

Engine room and boiler house data. Plates VIII. and IX. 
Maryleboue station, aiTangemont of, 128, Fig. 131 
Central London Railway 

Electric power required, 42 
Generating station. 

Annual output and overall efficiency, Tables 29, 30 
Chimney shafts, 144 
Coal storage. Table 142 
Economisers, 148 

Engine room and boiler house data, Plates VIII. and IX. 
General aiTangement of power station, 123, Figs. 124, 125 
Leading particulars, Tables 50, 51 
Steam piping data, 61, 68 
Load factor, 60 
Rolling stock data, 7 able 230 
Tractive resistance, 225 — 227 
Charing Cross and City Electric Supply Co., generating station — coal ston 
Table 142 : engine room and boiler house data. Plates VIII. and IX. 
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Chaiing Cross Co. (Bow), particulars of generating station, Table 34 
Charlottenburg, 1904, particulars of generating station, Tabfe 34 
Chelsea 

Alpha Place generating station, engine room and boiler house data, Pfatea 

VIII. and IX. 
Lots Road power station. See Underground Electric Railways Co. 
Chicago (Fisk St.) Edison, particulars of genei-ating stations. Table 34 
Chimneys 

Average cost per kw. Table 155 ; Highfield*s costs for CC and AC systems, 

Plate XI. ; criticisms, 208 
Considerations relating to, 143 — 147 
Christchurch Electricity Works generating station 
Coal storage, Table 142 

Engine room and boiler house data, Plates VIII. and IX. 
Circulating water 

Coal and, relation between cost of, 103 

Temperature of condensed steam and, relation between, 94 ; Allen's tests, 
100, Fig. 101 ; Weighton's tests, 102 
City and South London Railway 

Generating station, particulars of, Table 34 
Rolling stock data. Table 230 
Tractive resistance, 225 — 227 
Classification of overhead transmission lines, Fig, 170 
Clermond-Fen*and overhead transmission line data, Table 176 
Clyde Valley Electric Power Co. (Yoker) generating station 
Coal storage, 'Table 142 
Ecouomisers, 148 

Engine room and boiler house data, Plates VUI. and IX. 
Coal 

Calorific values, 18 ; examples of energy contained in one ton, of a 

calorific value of 8700 kw hr per ton, 19—21 
Consumption of certain generating stations, 35, Tables 34, 36; of four 
stations of various capacities, 55 
Isolation between electrical energy and, IS el seq. 
Conveyor, 123 
Cost 

Per kw hr for various boiler efficiencies, 22, Table 24 
Relation between cost of circulating water and, 103 
Storage for genemting stations, 140—143 
Tons of steam raised per ton of coal for various boiler efficiencies, 22, 

Table 23 
See also Fuel. 
Coal handling plant 

Average cost per kw. Table 155 

Highfield's costs for CC and AC systems, Plate XI. ; criticisms, 209 
Coefficient of friction, 232—234 

Colgate to Oakland overhead transmission line data, Table 177 
Cologne generating station, particulars, Table 34 ; annual output and overall 
efficiency, Tahlfs 29. 30 
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Combtr**tiun, fmer^t^y «>f, ]»er ton, of various coals, 18 

l\*iiipf»riJ?ut<Hl 1 opulrtioti iiif)tor, energy ojiiauniptioii of ti-alu equipped with eight 

(VjinpeTiwiiUHi series motor, energy consumption of ti'»in etjuipped with aix 
170 hp, 2«1— 27G 
' (Vninidotc liiiit ^VHt^'iii uf ^-rijiipiiijs^ of nl^'am turbinw plant, lliK 
CondenHution^ tenij^ornturp uf, W*l 
i\t\u\vi\mn^ plant t 92 ef ^tq, 

Condenser : oalculatiuni*, 92 — 98 ; typefl, 98 ; eon e idem tions relating l«» 
surface condensers for use with piston engines and steam tm-hiues. HM>— 
1D4 ; avorago cost, per kw, 'ftihh \m 
CVindetJsing station, overall efficiency of, '25 — 112 
Oiiulenhing wattr circuit, !♦>! 
CondiK'toi'.s for 

Overhead traiiBniit^ainn, ItKl— IfJS; distance between, factors govern id^, 
lt>:i, FiV/. 154; sjiuiij WhI; diita of lines in yarioua cotintriea, 176, 
177 
IT ndergi'i i u iid t ra 1 1 .«it n ha iou, 17 n' 
rVmdnit con»tTuction for iiodcri^round transniiBsion, 196— U»8 ; Ai' and CC 

system f*t ^07 
Continuous current 

Generators. See Generators CO. 

Mtiti>r equipments, overall efticiency. 2:j9, Fifj. 238, Finte XIV. 
S*5iir»}s syHteni of tranHniiKNion* Stf High Tension Traui^aiissiMn Syst^sni* 
Suitability of, fur distribution pur[MAsoH, IIH — 120 

Systteni of electric traction, estimate of cost for L. B, & S. V. By., 2K0 — 2S2 
See uho Electrification of Rail ways. 
Cfjnvertible energy, 14, Tnhh I.?, Phlr I. 
Cooling towers, 112 

Copf^iiliftgen generating Htalions, particulars, TaUt 'M 
('(^pp^r nibli'S. Str ( ublp;^. TbrLe-core Lpud Covered. 
Cnppi'i for overhead tran*suii*aioii liios^, 160 
Aliiniioimii tfrnis, HJl — XiVA, 171 — 174 
l>ata of lineis in vanous countnes, 17'> 
JhinenBions. weights, and cost*) of copper lines, UiG 
cirk surface tramway load data, Tahfe 41 
Con'iigated tubos for reducing size and cost of superheaters, 72 
Cost of 

Cables, estimation, 185—192; AC and CC, comparative ei»st, 21)6—208 
Condensing plant, relative advantages of piston engines and steiuii 

turbines, 103 
Conduit laying, 197, 198 j AC and CC systems, 207 
Duplicate circuit tninsmission Hnea, estimation, 171 — 17.% Tahffs 161), 

157 
Generating stutione and plant, ldt>, Tahir 155; AC and CC aystenis, 

llighfield's data, Plate XL ; criticisms of, 20K, 209 
Poles and t4)wers for overhead transinission, 159, lOO, 169, TMu 166, 

ia7 

Single pliase and C*> systems of electiifi cation, comparison, 280 — 282 
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County of T/ondon Co., particulars of generating stations, Table 34 

Crefeld, annual output and overall efficiency of generating station, 

Tables 29, ;J() 
Currents and current densities for underground cables, 180 

Dally, Prof., analysis of losses in steam gt»nerating plant, .*n, 38 

Dalziel on weights of siugl« i)ha8e and CC motors, 242, 2(>1 

Darlington, interior ligliting data, Table 39 

Darmstadt, annual output and overall efficiency of generating station, 

Tables 29, 30 
Darwen, surface tramway load data. Table 41 
Dawson 

Energy consumption of A. E. G. W. E. 51, 115 h.-p. motor, 276 

Weights of single phase and CC motor equipments, 242, Plate XVI. 
Demand for electric ])ower. See Electric Power. 
Derby, annual output and overall efficiency of generating station, Tables 29, 

30 
Design of steam-driven electric generating stations, 51 
Dick Kerr & Co., data of motors and equipments, Plate XVI. 
Dielectric hysteresis loss, 212 — 215 

Direct connected exciters versus separate exciter system, 154 
Distributors, transmission loss in, 32 
Drainage in exhaust pij^es, 151 
Dresden, 1904, Power and Light — particulars of generating stations, 

'Table 34 
Dublin United Tramways gc>nerating station, particulars, 50, 51 

Annual output and overall efficiency. Tables 29, 30 

Coal stonige, Table 142 

Engine room and boiler house data. Plates VIII. and IX. 
Dundee, annual output and overall efficiency of generating station, 

Tables 29. 30 
Dui>licato circuit steel tower transmission lines, cost of, 171 — 175, Tables 166, 

167 
Diisseldorf 

Electricity supply. Table 42 

Street lighting, rolatitm to private lighting. Table 41 

East Ham, interior b'ghting data. Table 39 
Eastbourne Coqwration generating station 

Coal storage. Table 142 

Engine room and boiler house data, Plates VIII. and IX. 
Economic steam pressures for piston engines and steam turbines, 64 ; Botscher's 

tests, S7 
Economisers, 147 

Average cost per kw. Table 155 

Space occupied by, 148 
Edinburgh, growth of demand for electricity per inhabitant. Tables 44 
and 45 
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Efficiency (of) 

Annual overall of 26 generating stations, 29—31, Fig, 28 

Boilers, 62 

Curves, 239, Fiy, 238, Plate XIV. 

Motor, influence on rated output, 243 

Overall (of) 

Equipment, 239, Fiy. 238, PlaU XIV. 

Generating stations, 18 et seq, ; calculation for a repre8eiitative station 
in Great Britain, 20 ; circumstances affecting; 33 ; steam-driven 
electric station, ul ; particulars of certain stations, 26, 29—31, 30 ; 
Fiy8. 28, 33 ; Tables 34, 36 
Steam piping, 69 
Thermodynamic, 14 
Transmission line, 198 — 202 
Eichberg on weight of AC and CC motor oquipinonts, 242 
Ejector condenser, 99 

Elberfeld, 1904, particulars of generating stations. Table 31 
Electra to San Francisco overhead transmission lii^e, data, TabU 177 
Electric 

Generating plant, 100 tt aeq. 

Alternative arrangement of, 137, Fiys. 138 — 140 

CC and AC, Hightield*8 costs for, Plate XL ; criticisms, 208, 209 ; 

respective fields of usefulness, 118 — 120 
Insulation of high pressure machines, 106 —109 
Mechanical design of alternator windings, 109 
lielative merits of generating sets of various types, 112 — 120 
Size of unit, 105 

Sub-stations: rottiry converters rersm motor generators. 111, 116; 
suitability of CC energy for, 119, 120 
Power, demand for, 38 et seij. 

Continental generating stiitions, 40 — 48 

Growth of, 43, Tahlen 44, 40; Hoppe's investigations, 48, 49 

Interior lighting, 39, Table 43 

Overhead and underground railways, 42, Table 43 

I*ower, 42, Table 43 

Eatio of consumption for public arcs to that for private lighting, 

41 
Street lighting, 41, Table 43 
Surface tramway load, 42, Tables 41, 43 
Traction calculations, 218 e^ seq. 

Average and schedule speed, 218 

Capital outlay and operating expenses, 288 et se^i, ; comparison of CC 

and single phase systems, 294 —300, Plates XVIII. and XIX. 
Energy consumption at axles, 230 — D38, Platrs XII. and XIII. 

Input to trolley, 238, Plates XIV. and XV. 
Mean acceleration, method of determining value of, nUe^ 223 
Overall efficiency of equipment, 239, Fiy. 238, Plate XIV. 
Speed time diagrams, 218; alternative speed time curves, 220—220 and 
Fiys, 
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Electric traction calculations— cow^tnufrf. 

Stops, number and duration of for short and fast runs, 219, 220, 234 
Tractive 

Force with various accelerating rates, 234 
Besistance at constant speed, 224 
Electrical 

Energy or ** electricity,'* 1 ; relation between coal consumption and, 18 et 

setf. ; transformation of steam heat into, 76, Fit/. 78 
Equipment, 

Data of several motors, Plate XVT. 

Discussion and comparison of single phase and CC motors, 25o — 2(51 
Overall efficiency, 239, Fi)/, 238, Plate XIV. 

Weights, comparative, of CC and AC equipments, 242 ; weight of extra 
equipment, 255 
Electricity. See Energy, Electrical. 

Electricity verans steam for opc^ration of railways, 285, 288, 289, 301 
El ectriti cation of railways, 240 et neq. 

Capital outlay and operating expenses, 288 — 301 : comparison of CC and 

single phase systems, 294 — 300 
Considerations affecting commercial success, 303 — 305 
Continuous current system, estimate of cost for L. B. & S. C. Ry., 280 — 282 
Single phase system. 

Cost of overhead construction, 284, 285 

Delay in electrification owing to conflicting views regarding, 112, 283 
Misleading data put forward by advocates, 241, 287 
Point* of inferiority, 287 

Superiority of for long distance non-stop runs, 260, i;83 
Single j)ha8e veram CC system, 280 — 803 

(^apital outlay and operating expenses, 294—300 
Costs of electrification of L. B. & S. C. By., 280—282, 285 
High acceleration, 284 
Voltages, 285, 286 
Three phase system, superiority for long distance non-stop runs, 260, 283 
Train consumption, influence of system of electrification, 240 
Energy 

Consumption calculations, 225 

(at) Axles, 235—238, Plates XII. and XIII. 

C'ompensated repulsion motors, train equipped with 8 A. E. G. W. E. 

51 motors. 276^280 
Compensated series motors, train equipped with 6 Siemens-Sohuckert 
motors, comparison of three alternative nuis, 261—275, Pfate XVII. 
and Figa, 
Ten coach 250.ton train, 292, 293 
(for) Interior lighting, 39, 40, Table 43 
(for) Street lighting, 41, Table 43 
Convertible, 14, Table 16, Plate I. 
Electrical or "electricity,** 1 

Belation between coal consumption and, 18 ^ aeq. 
Transformation of steam heat into, 76, Fig. 78 
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Energy — cant in uetl. 
Heat, 1 

Energy of combustion of various coals, 18 
Value of 1 kw hr, 12, 13 ; value of one ton of coal, 20 
Input 

Curves for 132-ton train with eight 115 hp motors, 277, Fig. 278; 
for 156-ton train with six 175 hp motors, 263, Fig, 266 — alterna- 
tive diagram, 271, Fig. 270 
(to) TroUey, 238, Platta XTV. and XV. 

Kinetic, of steam as a function of the speed, 84 — 86 ; calculations, 267 
Mechanical or *'work," 1; value of 1 kw hr, 7 ; value of one ton of 

coal, 19 
Transformation or generation, 13 ; analysis of losses during, 36 — 38 
Unit of. 

Abbreviations and equivalent values for {Appmdix) 

Board of Trade unit, 2 

Coal, examples of the amount of energy contained in one ton, of a 

calorific value of 8700 kw. hr per ton, 19—21 
Kilowatt hour, 1 ; Board of Trade unit, 2; equivalent in British thermal 
units, iiote, 19 ; examples of amount of energy represented by, 7, 
11—13 
Watt hour, 1 ; inconveniently small quantity in heavy electrical 
engineering, 2 
Engine rooms. 

Data of 48 power stations, 131, 134, Plate VIII. 
Size of, 131 
Space, 58 
Esson, W. B., distance between overhead conductors, 163, Fig. 164 
Evaporative condenser, 99 
Examples of amount of energy 

Contained in one ton of coal of a calorific value of 8700 kw hr ])er ton, 

19—21 
Represented by 1 kw hr, 7, 11 — 13 
Excitation power for alternators, lo5, Tahie 154 
Exciters, 8ei)arate versus dii*e(;t connected, 152, 154 
Exhaust pressure, effect on economy of steam turbines and piston engines, 

73—75 
Expansion 
Bends, 151 

Coefficients of copper and aluminium, 103 
External latent heat, 5 

Feeders, transmission loss in, 32 
Ferguson, estimate of total cost of conduit laying, 198 
Field, breakdowns on CC systems, 216 
Flue gases, temperature of, 71 
Forced draught systems, 147 

Formula for tractive resistance, 291 ; Aspinall's, 226 ; alternative formula for 
high speeds, 231 
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Frankfort, particulars of generating station, Table 34 

Frequency for high tension power transmission lines, 159 ; data of lines in 

various countries, 170, 177 
Friction 

Coefficient, 232—234 
Tjosses, 

Bearing, Lewicki's tests on 22 kw de Laval turbine, 82, Fig, 80 
Wheel, Belluzzo's tests, 82, 83, Figs, 83 84 ; Lewicki's tests on 
22 kw de Laval turbine, 80—82, Figs, 79, 80; influence of on 
l^eripheral speed, HI et seq, ; Rotjscher's tests on 2000 hp Eiodler- 
Stumpf stetim turbine, 82, Figs, 81, 82 
Frome Electricity Works generating station 
Coal storage, Tahh 142 

Engine room and boiler house data, Plates VIII. and IX. 
Fuels 

Calorific values of, 18 ; examples of energy contained in one ton of coal of 

a calorific value of 8700 kw hr per ton, 19 — 21 
Choice of, 27, 28 
Costs, 22—25 ; cost and calorific value of coal used in various generating 

stations, 26, 27 
See a ho Coal. 

Ganz Electric Co., data of traction motors and equipments, 248, 252, 

Plate XVI. 
Qas engine 

Efficiency of, 14 

Engine room data of certain generating stations employing, IIM, Plate VFII. 
QvL^ engine-driven 

CC generators, high and low speed, 114, 115, 117 
l^olyphase generators, relative merits, 112 — 115 
General Electric Co. of America 

Motors and equipments, data, 248, 256, PlaU XVI., Tables 258, 259 

Comparison of 69 B motor with A. E. G. W. E. 51 motor, 251, Figs, 252 
Weight and output data, 246 
Generating sets. See Generating Stations. 
Generating stations 

Boilers, space occupied by, 58 

Capacity, 50, 51 ; choice of generating sets for different capacities, 51 — 54 

Condensing station, overall efficiency of, 25 — 32 

Continental, growth of demand for electric power, 45 — 48 

Costs, 156, Table 155 ; Highfield's data for OC and AC systems, Plate XL ; 

criticisms of, 208, 209 
Design of, 121 et seq. 

Alternative arrangements of generating plant, 137, Figs, 138 — 140 

Auxiliary plant, 155 

Boiler house and engine room, size of, 131 

Chimneys, considerations relating to, 143 — 147 

Choice of site, 121 

Coal storage, 140 — 143 



Bd20 



INDEX 



(Generating stations, det^ig^ of — efffitumetL 

•* (. oinplete unit " syfiipm of grouping of plant, 128 

EconomiBere, 147 ; apace occupied by, 148 

Exciters. 152, 154, 155 

(jeiionil ammg^infint, 122 

I*relimiimi*y t^filculationa, 135 

Bapid growth of demand for eloctrical power, demgn of station m Tiev 

of, 4:s, 47 
Stenm -driven electric, 51 
Steam pi pi Fig, 149 — 153, and Fitfi. 

Sleum turbines stations, 12H; preliminary design for, 61, /^ijy* 62 
270 million unit iH?r iHiinim i^tation, preliminary calculations, IS#, 
Fig. Ml; altornfitive ,irmng<>ment.^ of generating plant, 137, Fi^, 
1:J8 — 140; chimney mlenlatinns, 146; coal storage, T4l, 143 j 
economiRer mirfacG, IJJI; exciter plant, 154; BtKini ptpjuer, T.>! 
Economic Rteam prc^sfiurep, <U 
pjlectric geiipraliug plant. *S^ that tt'th. 
Fuel, coHt find t^lorific value of coal used* 26, 27 
flonerating seta 

Bf>ilei-8 and st^am pipings efficiency of, 53 
Chnit'o of, for different capucitiei*, 51 — 54 
Kelative merits nf diffHrent type«, 112 — 120 
St<^tiui conNu rapt ion, 51, 52 

Hteam-drivonjethciency c*f^33 ; steam consumption and fuel costs, 22 — J 
rieuenition of energy in, 13 

IiCJiding particulars of certain well-known stations, 5i), 51 
LoBses in, anulysis, 3fi ; analysis of losses in supply system, 32 
Overall efficiency and I'f'lation l>etween (utoi tvjnsumption and out^oiij 
elf*ctriral energy, IK rf Hftj. 

Annual overall pUiciency of 26 stations, 29—31, /V</. 28 

( 'alcuhition for reprt^sentative station in Great Bnt4tin« 25 

i *ireuniRtanecB afTecting, 33 

Efficiencies of certain modem generating stations, 2(5 ; of four i 

f*f variouH capacities, 54, 55 
I*articulara of generating stations given hy Patclioll, 33 — 36; Tahlr* 
and Figs, 
Retui-ns, innufflcient data available, 31 
Stf>fim couKimiption of iBrge electric, 57 
S^teani piping, length of, 61 

** Transforming'' station, preferable term, IS, 28 
Generation or transformation of en ere: y, 13, 18, 28 
Generators 

Continuous current. 

Gas engines for, relative merits of high and low speed, 114, 115, 117 
8tenm engines for driving, 1 15 
Voltage and speed, relation between, 116 
Polyphase, 

Ofls engine-dnven, relative merita, 112 — 116 

High and low speed, excitation power required for, 156, 7*ahU 164 



INDEX 821 

Generators, polyphase — continued. 

Speed, periodicity, and type of prime mover, relation between, 113, 116 
Steam engines for drivin<>, large slow speed, 113 
Steam turbine-driven, relative merits of, 116, 117 
Genoa, annual output and overall efficiency of generating station, Tahhf 29, 30 
Glasgow 

Growth of demand for electricity per inhabitant. Tables 44, 45 
Interior lighting, Table 39 
Surface tramway load. Table 41 
Glasgow tramways generating station 

Annual outputs and overall efficiencies, 26, Tables 29, 30 ; further data by 

Patc^hell, Tabh 34 
Chimney shafts, 144, 145 
Coal storage, Tab/t 142 

Engine room and boiler house data, Plates VIII. and IX. 
Fuel, cost and calorific value, 26, 27 
Piukston generating station, particulars, 50, 51 
Steam piping, 68 
Glass insulators for overhead transmission, 169 
Grading the insulation for underground cables, 183 

Grand Rapids Muskegon Power Co., overhead transmission line data, Table 176 
Grate surface of boilers, 63 
Gravity. See Specific Gravity. 
Great Eastern Railway generating station, plan and arrangement, 131, Figs. 

132, 133 
Gh-eat Northern and City Railway 

Generating station : coal storage, 142 ; engine room and boiler house data, 

Plates VIII. and IX. 
Rolling stock data. Table 230 
Greenock Electricity Works generating station, engine room and boiler house 

data. Plates VIII. and IX. 
Greenwich generating station 
Chimney shafts, 144, 145 
Steam piping, 68 
Gromo to Nembro, Lombardia, overhead transmission line data, TaMe 176 
Guanajuato, Mexico, overhead transmission line data, Table 176 

Hackney Electricity Works generating station 
Coal storage. Table 142 

Engine room and boiler house data. Plates VIII. and IX. 
Hamburg 

Electricit}' supply. Table 42 

Generating station, particulars. Table 34 ; annual output and overall 

efficiency, r«WM 29, 30 
Street lighting, relation to private lighting. Table 41 
Hammersmith and City Railway, data of traction motors and equipments, 

Plate XVI. 
Hampstead Railway, data of traction motors and equipment^*, Plate XVI. 
Hancock, conduit construction, 197; estimate of total coet of conduit laying, 198 
H.B.E. Y 
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Harrogate, annual output and overall efEcieuoy of genermtiiigstatioQ* Ta&lef 29, 
Heat 

Capacity of water for absorbing, 93^98 
Conduction values, 71 
Energj% Stt^ Energy » Heat. 
Latent, o, 9li 

External and internal latent heat defined , 5 
(of) Vaporisation of water, 3, 5 
Specific, 

Definition » 4 

(of) Superheated steam, T — 12 
(of) Water at various temperatures, 4 
Superheat. Ste Steam, Superheated, 
Temperature and, rolation between, 3, 21 
Water, 3 
Heating surface of boilers* 62 
Height of overheiid conductor, 165, 168 
Hej^ham-Morecambe line. See Midland Railway, 
High pressure machinery, deTelopment of, 105 ; insulation, 106— -109 
" High speed** engines for driving alterimtora, 1 15 
High tension power transmission lines, 157 et setj. 
Cost, CO and AC systems, 205—212 
Efficiency, 198—202 
Frequency of alternating current, 159 
Overhead transmission, 159 — ITS 
AC and CC systems, 209, 210 
Aluminium and copper, 161 — 163, 171 — 174; dimensions, weights, 
and costs, Tabk^ 16G, IfiT; data of lines in various oountnee, 176, 
177 
Details of lines in various countries. 176, 177 
Efficiency, calculations showing most economical, oompariaon 

underground transmission, 200, Plate X. 
line conBtructioEp 159 

Condnctoi*s. 160—168; data of lines in various oountriee, 176, 

177 
Cost of erection, 171 

Data of lines in vurious countries, 176, 177 
Insulators, 169; data of lines in various countries, 176, 177 
Weight and cost of tower, 108, Tahhs 166, 167 
Total coat of dupUoate circuit transmissii*n Imes, eetimation of, 

171—175, Tables 166, 167 
Voltage of tranHmission, 158, 174, 175, 178; data of Unes in various 
countries, 176, 177 
Xln dergr ound transmission , 1 7 8 — 1 98 
Cables, 

Aluminium, estimation of cost, 192 ; comparative costs of oopfMT 

and, 194, 1^5 
Dimensions, weigbts, and cosU of tbi'ee-oor© lead covered, 185 — ^l 92, 
TMe 188 ; comparative costs for AC and CC systems, 205^207 
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High tension power transmission lines, underground cables — continued. 
Factor of safety. CC and AC systems, 215, 216 
Insulated of other metals than copper, 192 
CJonductor, 178 
Conduit construction, 196 ; cost, 195, 198 ; Hancock's estimate, 197 ; 

comparison of CC and AC systems, 207 
Continuous current and alternating current high tension systems, 

comparison, 203, 205—209 
Efficiency, calculations showing most economical, comparison with 

overhead transmission, 201 , Plnte X. 
Insulation thickness, 181 — 184 ; comparison of CC and AC systems, 

206,207 
Voltage of transmission, 158, 186, 187, 190—192 
High tension transmission system 

Alternating current three phase system, 157 

Costs, comparison with CC system, 206—210 

Superiority of three phase and single phase systems for long distance 
non-stop runs, 260, 283 
Comparison of AC and CC systems, 203 — 216 
Costs, 206—210 

Dielectric strength of air (and certain insulating materials), 212 
Safety factor, 215, 216 
Continuous current series system, 203 et aeq. 

Advantages of no dielectric hysteresis loss, 212—215 
Behrend's views, 217 
Breakdowns, causes of, 216 
Costs, comparison with AC system, 206 — 210 
Installations employing, Table 204 
Safety factor, 215, 216 
Losses in, analysis of, 32 
Highfield, 

Conduit laying, estimate of total cost, 198 ; AC and CC systems, 208 
High tension CC series system, 203 

Costs, comparison with AC system, 206 — 210 
Installations employing. Table 204 
Hoppe on growth of demand for electric power, 48, 49 
Huddersfield, interior lighting data. Table 39 
Hull 

Annual output and overall efficiency of generating station, Tables 29, 30 
Interior lighting data. Table 39 
Humann, currents and current densities for underground cables, 180 
Hydro electric installations, eng^e room data of power station employing 
water turbine, 134, Plate YJIL. 

Ilfobd 

Electricity Works, engine room and boiler house data, Plaie$ TUX. 

and IX. 
Interior lighting data, Tahle 39 
Induced draught systems, 147 

T 2 
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IntftalUktaons ©mplayiog high tension C?C series e^wtem, Tahii 204 
Insulation 

Breakdowns, importanoe of regular tests, 108 
(oT) CahlM, 

Cost, ncrfe, 186; AC and OC. 206. 2«7 
Thickness, 181— 1S4 ; AC ud OC systems, 20«, »7 
(of) High pr^esure Tnachinee^ 10« — 109 
Teets. Set Teste, Insulation. 
Insulators for overhead transmissioii, 169; data of lines in varioui ooonim 

Tables 176, 177 
Interborough Rapid Transit Co., N-Y. 
Generating station 

Chimney shafts, 144, 145 
Coal storage, TaUc 142 

Engine room and boiler house data, P/tjf^s YIU. and LX. 
Traction motors, note, 258 ; data of motors and equipments, FiaU XTl 
Interior lighting 

Demand for electric power, 39, Tahl^ 43 
(of) Vnrioua British towns* 39 
Internal latent heat, 5 

Jkkkik on single phase system, 287 

Jet condenser, 98 

Joim ou insiilatioTi thickness for homogeneood cables, 1^4^ nole, 18], fiV* 

Joule {Appefhiir} 

KAixiBf L., most economical span of suspended oondujctors^ tiote 1G4 

Karlsruhe electricity supply, TabU 42 

Kf4ham Island T. and P. Co., generating station, engine room and boiler 1 

data, rhirs VIII. and IX. 
K^lly on weighta of motors and equipments, 241, F/ttU XVI* 
Kelvin's law, 158,198 
Kilowatt hour as unit of energy, 1, 2 

Enotfry contained in on© ton of coal of a calorific value of S 7 00 k^ 
ton, examples, 19—21 

Equivalent in Rnti*»h thermal uniti*, nofr, 19 

Examples of amount reprej^ented by 1 kw hr, 7, 11 — Hi 
Kinetic energy calculations, 267 ; as function of speed, H4 — 86 
Kolkin 

Steel and wooden pole lines for overhead transmission, la9 

Suspended conductors, moat economical span, rwU, 164 
Konigsberg 

Annual output and overall efficiency of generatiDg station, Ttibi^s I 

Electricit}^ supply, Tabic 42 
Krizik motors and equipments, data, PlaU XVI, 



Lamps 

Interior lighting, lamp c?onsumption, 39, 40 



INDEX 825 

Lamps — contin ued. 

Number of incandescent lamps run 
by onekw hr, 11 
for one year with one ton of coal, 19 

Street lighting, lamp consumption, 41 
Lancashire Electric Power Co. 

Generating station : engine room and boiler house data, 134, 135, 
Flates Vin. and IX. ; coal storage. Table 142 

Overhead trausmission line data, Table 176 
Latent heat. See Heat, Latent. 
Lead covering for thi*ee-core cables, thicknesses, 184 
Leading properties of steam, 7 — 11, Fig. 12 
Leeds 

Generating stations, particulars, Table 34; annual output and overall 
efficiency, Tables 29, 30 

Growth of demand for electricity per inhabitant, Tables 44 and 45 

Interior lighting. Table 39 

Surface tramway load, Table 41 
Leek Electricity Works generating station, data of engine room, 134, 

Plate Vin. 
Leicester, interior lighting data. Table 39 
Leicester Electric Tramways generating station 

Coal storage. Table 142 

Engine room and boiler house data. Plates YULl. and IX. 
Leipzig, annual output and overall efficiency of generating station, Tables 29, 30 
Length and weight of trains, relation between, 229, Table 230 
Lewicki, Prof., friction losses, tests on 22 kw de Laval turbine, 80 — 82, 

Figs, 79, 80 
Lighting 

Demand for electric power, 39 et seq. 

Interior lighting, 39, Table 43 

Batio of consumption for public arcs to that for private lighting, 41 

Street lighting, 41, Table 43 
Limitations of single phase motors, 274 — 276 
Line loss, AC and CC systems, comparison between, 210, 211 
Liverpool 

Growth of demand for electricity per inhabitant, Tables 44, 45 

Interior lighting, Table 39 

Surface tramway load. Table 41 
Liverpool Overhead Railway, data of traction motors and equipments, 

Plate XVI. 
Liverpool-Soutbport Railway generating station 

Coal storage, Table 142 

Economisers, 1, 48 

Engine room and boiler house data. Plates VjLlL and IX. 
Load factor 

Central London Railway daily load curve, 60 

Definition, notej 25 

Patchell's figures for certain generating stations, 35, TaMes 34, 36 
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Lockport, Niagara, and Ontario line, tower coastructioii for overlie 

traD&mksion, Fiij. 170 
Loudon « Brighton, and South Coast Eailway electrification 

A» E. 0» W. E. 51 11a hp motor, 24S ; energy consumption calculations. 

Costs, comparative, of single phase and CC systems, 280 — 282, 28o 
London Comity Council electricity supply^ general arrangement ol |>roposed 

generating station at BHrking, Fvj, 140. 
London Electric Stipply Co., paiticulars of generating statioii, Tahle 34 
London underground railways. Sfe Underground Electric Bailwaya. 
Long Island City, FenrK, LT*S*A., generating Btation 

Coal storage t Tnbh 142 

Engine room and boiler house data, Piatta VIII. and IX. 
Los Angeles to Engelwood overhead transmission line data, Table 176 
Losses 

Friction, 8te Friction Losses. 

(in) Generating stations, analysis of, 36 

Mechanical, etfect i*f low exiiauBt pressure, 75 

(from) Steam pipes, 6U 

(in) Supply system, analysis of, 32 
Lots Eoad Power Station. See Undergrotind Electric Railways. 
Loweetoft Electricity Wtirks generating btation, engine room and boiler houflttj 

diitfl, riafes YIIL and IX, 
LusitaniH , speed of steam tuibine, lOd 



Mai?chestek 

Growtli of demand for electricity per inhabitant. Tables 44, 45 

Interior lighting data, TaUt St* 

Surface tramway load data, Tahh' 41 
Manchester C(»q>orati(rn generuting station, particulBrs, Table Zi 

Annual output and overall efficiency, Toll* 9 29, 30 

Coal {storage, TaMe 142 

Engine room and b«^iler lioutsc^ data, 1 laha TIII» and IX. 
Manhattan Elevated Railway, rolling stock data, Tuhlt 230 
Marienfeld-Zossen Pailway, data oi traction mutoite and equipments^ 24S, 

Ptaif XVL 
Mauritania, speed of steam turbine, lOd 
McGregor, E., eteam and exhaust pipe^, rutU^ lol 
Mechanical 

Design of alternator windings, 109 

Energy or '* woik/* 1 ; value of onekw hr, 7 ; value of one ton olcoal, 19 

Losses, efl'ect of low exhaust pressure, 75 

Eeaietance, relation between air resistance and, 22S 

Tests of high speed machines, 109—112 
fersey Eailway, rolling stock data, Tnlh 230 
iersey Tunnel Railway generating station 

Coal storage, Tahh 142 

Engine room and boiler house data, Plaits TIIL and IX . 
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Metric atmosphere, noiey 2 
Metropolitan District E ail way 

Data of traction motors and equipments, 248, *257, Piate XVI. 
EoUing slock data, Table 230 
See aUo Underground Electric Railways. 
Metropolitan Electric Supply Co. (Brimsdown) generating station, particulars, 
Table 34 
Coal storage, Table 142 

Engine room and boiler house data, Plates Vill. and IX. 
Metropolitan Eailway 

Neasden generating station. 
Capacity, 51 

Chimney shafts, 144, 145 
Coal storage, Table 142 
Economisers, 148 

Engine room and boiler house data, Plates VIII. and IX. 
Steam piping, 68 ; length, 61 
Rolling stock data. Table 230 

Weight of electrical equipment and data of motor, 257, Plate XVI. 
Middlesbrough Corporation generating station, engine roo m and boiler house 

data, Plates VIII. and IX. 
Midland Railway, Heysham-Morecambe line 

Siemens- Schuckert 175 hp motor, data, 248; energy consumption calcula- 
tions, 261—275, Plate XVII. and Figs. 
Weight of electrical equipment, 256 
Missouri Power Co., Montana, overhead transmission line data, Table 176 
Mollier, properties of steam, 7 — 11, Fiy. 12 
Motor generator versus rotary converters, 114 ; cost of high tension 

cables 114 
Moutier-Lyon installation employing high tension CC series system, 

204, 208 
Munich, 1904, particulars of generating station. Table 34 



Neasdex generating station. See Metropolitan Railway. 

Necaxa Power Co., Mexico, overhead transmission line data. Table 176 ; steel 

towers, 169, Fiy, 170 
New York Central Railway, data of traction motors and equipments, 248, 

note, 258, Plat^ XVI. ; 550 hp CC locomotives, 241 
New York, New Haven, and Hartford locomotive, ventilation data, 

249 
Newcastle Electric Power Co. (Carville) geneiating station, particulars. 
Table 34 
Coal storage. Table 142 

Engine room and boiler house data, 134, 135, Plates VIII. and IX. 
Newcastle-on-Tyne 

Growth of demand for electricity per inhabitant. Tables 44, 45 
Interior lighting data, Table 39 
Niagara Falls to Buffalo overhead transmission line data. Table 177 
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Kiagum, Lockpoirt, and ODtario Power Co/s awtAmd 

ToMrlTT 

Kut^gnra-Toroiilo oTerbead tiunsmlasioii Hue, T«Mr *'^ ^fe^ fmran for, ] 
^Fi^. 170 
North Wndm P* and T. Co. (Snowden). data of en^me rooms of 

stAtionei, i:J4, Pfaie VIII. 
KottiDglmm surface tramway load, 2'(M^ 41 



Obebschlssiscueb Industrie Besirk ^nertLting st&tion» partictUaiB, TMt 
Oerlikon Co.» data of tmction motors and <^uipmetitd, 24S, Plate XVI. 
O'Gorman, total works ooet of thre<?-core cables for uiidergroiind 

185 
Oldham 

Interior lighting, TaUe '49 
Surface tramway load, I'abh 41 
One hour rating. Set Bating of Traction Motors. 
Ontario to BuiTiilo overhead tninHiubsion line, Taifle 177 
Operating expenses of electnc traction^ 2Hn — iiOl ; cotnpiuiaon of OC and i 

phase systems* 297—300, Piaies XVIII. nnii XTX. 
Output 

Annual increase in, ii 

Annual outputs and overall efficiencies, 

PSatchell'g figures for certain generating stations, So, TaUa SI, S6 ^ 
Hetums, insufBcient data available* 'd2 
(of) 26 generating stutions, 29 — 31 
Continuous current, single phase, and three pJiase motors, 

the one hour rating basis, L>4.j— 251 
Slot insulation, odTantages of reduction in thickness, 107 
Speed and output of direct connected electi-ic generayng aele, 
between, 118, /V./, lilt 
Overall effieiencj:* 8te Efficieucy. 
Overhead 

Railways, demand for electric power, 42, 2'ahh 43 
ITiird rail renu^, 284—288 

Trausnilssion. Srt High Tension Power Tjansmission Lines. 
Overload capacity', siugle phase veretts CC ni<jUjrs, 274^2T<> 



Padehno Uy Milan overhead transmission line. Table 176 

Parsons steam turbines. Set Steam Turbines. 

Patchell, particulars of generating stations, 35, Tahiti 34 and 3ij, Ft^. li^' 

Periodicities 

Low, desirable for gas engine-driven polyphase generators, liy, lis 
Relation between type of prime mover, speed and, 11*5, llo 

Peripheral speed, iufluenee on wheel friction, H\ ti ^ey* 

PiccailiUr and Brompton Tube Itailway, data of traction motors and equipmi 
PlaU XYL 

Piping system, H9— 153, and Fit^^. Ste alst* Steam Piping. 

Piston engines. Sfc Steam Engines. 
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Plant 

Auxiliary, 155; advantages of steam-driven accessories, 156; Highfield*s 

costs for CC and AC systems, Plate XI. ; criticism of, 209 
Coal handling : average cost per kw. Table 155 ; Highfield's costs for CC 

and AC systems, Plate XI. ; criticisms, 209 
Condensing, 92 et seq. ; condenser calculations, 92—98 ; types, 98 ; con- 
siderations relating to surface condensers for use with piston engines and 
steam turbines, 100—104 ; average cost per kw, 7'ahie 155 
Electric generating. See that title. 
Steam raising, 57 et seq. ; efficiency of, 33 ; relative costs for high and low 

pressures, 68 
Steam turbine, complete unit system of grouping, 128 
Polyphase generators. See Generators, Polyphase. 
Poplar Electricity Works generating station 
Coal storage, Table 142 

Engine room and boiler house data, Plates VIII. and IX. 
Population, average rate of increase in nine provincial towns, Table 44 
Porcelain insulators for overhead transmission, 169 
Potteries district, siirface tramway load, Table 4 1 

Powell Duffryn Steam Coal Co., particulars of generating stations, Table 34 
** Power,*' analysis of losses in steam generating plant, 37, 38 
Power 

Station, 

Engine room and boiler house, 58 
Highfield's costs for CC and AC systems. Table 210 
Supply, demand for electric power, 42, Table 43 
Unit, abbreviations and equivalent values for (Aitpemlix) 
Pressure 

Absolute, 2 

Admission, effect on steam consumption of steam turbines and piston 

engines, 73 — 75, 87, 88 
Begulation, advantages of reduction in slot insulation thickness, 107 
Unit of, 2 ; abbreviations and equivalent values for {Ajtpntdis), See also 
Voltage. 
Preston, interior lighting data, I'able 39 
Putnam. See Stillwell and Putnam. 

** Quick revolution," engines for driving alternators, 115 

Quincy Point, Mass., U.S.A., generating station, engine room and boiler house 
data, 134, 135, Plates VUI. and IX. 

Bating of traction motors 

Capacity of single phase, CC, and three phase motors, 240 

One hour rating, 243 ; service capacity ratio, 244 
Hayner, dielectric strength of air, investigations, 212 
Reciprocating engines and generators, average cost per kw, Table 155 
Beichel on rated capacity of single phase railway motors, 240 
Besistance, tractive. See Tractive Resistance. 
Bheydt, annual output and overall efficiency of generating station, Tables 29, 30 
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Bk^iter, weights of miytorm and cqnl|an«atev PfaU XVX 
BMliT Slitmiif 2000 kp flieftm turbuie, wli^ 
BoQn^ ftoek data lor rancms ta£lw»ys, Tci^c 230 
Botoiy wnw g tore 

Motor geneimtarB t^crvii«, 114; cost of hig:]i tdukm cables, 114 

Belativ« meiita t»l, 1 1>I« 1 16 
EolberiUkai waa^mcm txamvajr Ioa4» TolkiV 41 
BdteclMr 

Stoam coDsumption teste at varioo^ speeds axid steam ptreestiiee^ ^ ' 

Mflieel fricdoii loss teste^ S2, Fig^, 81, 8$ 
Hotterdani 

ElectricitT supply* raNe42 

Street lig^btiBgf relation to priTate liglitiii^^ TtM^ 41 
Eotterdiun-HAg^e B&ilwaj, data of motors and equip men ta, 2MI 2-^1 ^%l&3 



SaFKTT fac^tcir for AC and CO srstems, 215, 216 

Ss^ of coDduciors for overhead transmi^ion^ 164, 16d 

Salioerd, growth of demand for electricity per inhabitamt, Tahiti 44, 45 

Salford Corporation generating station, particulars, TahU 34 

Annual output and efficiency » Tnhle^ 29, 30 

Coal storage, Tahh 142 

Engine roum and boiler house data, PttUes VIII. and EX. 
Saturates! steam, 1, mdr^ M ; specific volume and weight, TohU 9 
Schedule ?peod, 218 

Schoepf, weights of single phase and CC motors, 241 
Section of 

Conductors for overhead transmission, 160 — 162 ; data of lines m^ 
countries, I7t>, 177 

Cores in three-core cables for underground trauszuisfiion, 1 79, Tuhh \% 
Seebach-Wettingen Railway, data of Oerlikon motor and equipmentif ^\^ 

Piatt XTI. 
Separate exciter versus direct connected exdter system, 154 
Service capaeitj* of railway motors 

Estimation for t^ingle pha^je motors, 261 

One hoar rating, ratio of, 244 
Shawittigan to Montreal overhead transmission line, Tuhle 177 
Sheffield 

Growth of demand for electricity per inhabitant* 7*ahies 44, 45 

Interior lighting, Tabltf 39 

Surface tramway L>ad, TaUt 41 
SheflBeld Corporntion tramways 

Fuel, cost and cjilorilic value» 26, 27 

Neepsend gen em ting station, paiticulars, Table 34 ; coal stt^ra^, 

engine room and boiler house data, PinU'^ VIII, and LX. ; oreraO 
officietjcy. 2(i Tahlcs 29, IK* 
Short circuit tests, 109, 1 10 
Siemens and Ilabke 

Data of traction motors and equipments, 248, PltUe XVI, 

Holling'stock, data of Zossen motor car, Tabh 230 
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Siemens-Schuckert motors and equipments, Finite XVI. 

175 hp compensated series motor, 248, 249, 251, 256 ; energy consumption 
calculations, comparison of three alternative runs, 261 — 275, Plate XVII. 
and Figs. 
Simplon tunnel, data of traction motors and equipments, 261, Plate XVI. 
Simplon and Valtellina Eailway, data of railway motor, 248 
Single phase system of electric traction. See Electrification of Eailways. 
Slot insulation of high pressure machines, 106 

Advantages of reduction in thickness, 107 

Importance of rigorous insulation tests, 106 — 109 
Snoqualmie Falls to Seattle overhead transmission line, Table 177 
Space factor, 134 
Span of suspended conductors, 163, 164 ; data of lines in various countries, 

176, 177 
Sparking voltages, Thury*s tests for CC and AC in air, 212, Fig. 213 
Specific gravity (of) 

Copper and aluminium, 163 

Definition, wcrfe, 7 

Various materials. Table 11. 
Specific heat. See Heat, Specific. 
Speed 

Average and schedule, 218 

Kinetic energy of steam as a function of, 84 — 86 

Output and, of direct-connected electric generating sets, relation between, 
118, Fig. 119 

Periodicity, type of prime mover and, relation between, 113, 115 

(of) Steam turbines for large units, 105 

Stops, effect of number and duration on, 234 ; effect of duration for various 
average speeds, 219, 220 

Tractive force, acceleration, and, relation between, 234 

Voltage, relation of to, 116 
Speed time diagrams, 218 

Alternative speed time curves, 220 — 225 and Figs. 

Curve for 132- ton train with eight 115 hp motors, 277, Fig, 278 

Curve for 156- ton train with six 175 hp motors, 263, Fig. 266; alternative 
diagrams, 271, 274, Figs. 270, 275 

Graphical determination of value of mean acceleration, No<e, 223 
Sprague on 

Continuous current and single phase motors, 302 

Hated capacity of CC motors, note, 258 

Weights of electrical equipment, 256, Plate XVI. 
Springer, estimate of total cost of conduit laying, 198 
St. James and Pall Mali Co., particulars of generating station. Table 34 
Stalybridge Electric Tramways Co. generating station, engine room and boiler 

house data, Plaies VIII. and IX. 
Steam 

Circuit, 149 

Condensation calculations, 92 — 98 ; types of condenser, 98 — 100 ; considera- 
tions relating to surface condensers, 100 — 104 
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Steam — contin ued. 

Consumption : of large electric generating stations, 57 ; of steam generating 

sets, 51, 52 ; of steam turbines and piston engines, 73 — 91 
Convertible energy per ton, 14 — 17, Plate I. 
Electricity versus, for operation of railwaj^, 285, 288, 289, 301 
Energy absorbed in raising one ton from water at 50° C, 21 
Energy i-equired to evaporate one ton of water at 0° C. into steam, 21, 22, 

Tables 8, 10 
Engines, 

Data of engine rooms of certain generating stations employing hi^ 

and slow speed engines, 1 34, Plate VIII. 
Large slow speed for driving 

Continuous current generators, 115 
Polyphase generators, relative merits of, 113 
Low thermal efficiency, 37 
Piston engines, 

Economic steam pressures, 64 

High and low speed, relation between speeds and outputs, 118, 

Fig. 119 
Steam turbines and, 73 et seq. 
Surface condensers for, 102 ; objection to use of, 99 ; costs, relative 

advantages of steam turbines and, 103 
Weights of steam turbines and high-speed steam engines, com- 
parison, 118 
Transformation of energy in, 14 
Heat and temperature, relation between, 3, 21 
Kinetic energy of, as function of speed, 84 — 86 
Leading properties, 7 — 11, Fig. 12 
Pipes : importance of covering, 69 ; size required for different weights of 

steam, 70 
Piping, 149 — 153, and Figs. 

Average cost per kw for steam piping and valves, Table 155 
Data, 08—71 

Length in generating stations, 61 
Pressures, piston engines and steam turbines, 64 ; Botscher^s tests, 87 
Raising plant, ol et setj. ; efficiency of, 33 ; relative costs for high and low 

pressures, 08 
Saturated, 7, note, 94 ; specific volume and weight. Table 9 
Superheated, 

Condensation calculations, 97 
Economy of engines improved by use of, 64, 65 
Specific heat of, 7 — 12 
Specific volume and weight, Table 9 
Temperature of circulating water and condensed steam, relation between, 94 
Allen's tests, 100, Fig. 101 
Weighton's tests, 102 
Tons raised per ton of coal for various boiler efficiencies, 22, TaMe 23 
Turbines, 

Average cost of turbo generators per kw. Table 155 
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Steam turbines — continued. 

Boiler pressures, 64 ; Rotscher's steam consumption tests, 87 

Curtis type, engine room data of certain generating stations employingt 

134, Fiate YUL 
De Laval type, 

Bated speed and output, relation between, 118, Fiy. 119 
Wheel friction losses, Lewicki's tests on 22 kw turbine, 80—82, 
Figs. 79, 80 
Oenerating stations : arrangement of, 128 ; preliminary design for, 61, 

Fig, 62 
Parsons, 

Engine room data of certain generating stations employing, 134, 

Plate Vni. 
Overall length and floor space, 137, Figs. 136, 137 
Bated si)eed and output, relation between, 118, Fig, 1 19 
Steam consumption investigations of 4000 kw turbo generator, 

89—91 
Weights of high speed steam engine sets and, comparison, 118 
Piston engines and, 73 et seq, 
Biedler Stumpf 2000 hp, Eotscher's tests of wheel friction loss, 82, 

Figs. 81, 82 
Speeds, 105; suitability for driving polyphase machines, 116, 117 
Steam consumption investigation of 1000 kw generator, 75 — 79 
Surface condenser for, 99, 102; costs, relative advantages of piston 

engines ^nd, 103. 
Transformation of energy in, 14 
Steel 

Conductors for overhead transmission lines, 160 
Pole line for overhead transmission, 159, 160 
Tower line for overhead transmission, 159 — 178 
Conductors, 160—168 
Efficiency, most economical, 200, Plate X. 
Erection, cost of, 171 
Insulators, 169 

Weight and cost of tower, 168, Tahle$ 166, 167 
Steinmetz on dielectric hysteresis, 214 
Stillwell and Putnam on single phase motors, 260 ; continuous current systems 

versus, 283 
Stockholm, electrical output and eflBciency of generating stations from 1901 to 

1905, Tahh41 
Stockton, interior lighting data. Table 39 
Stodola, wheel friction and speed, 82 
Stops, number and duration of, 234 ; duration for various average speeds, 

219, 220 
Stott, n. C, analysis of losses in steam generating plant, 37, 38 
Strassburg, electrical output and efficiency of generating stations from 1901 to 

1905, Table 47 
Street lighting, demand for electric power, 41, Tulle 43 
Stress permissible in conductors for overhead transmission, 161, 162 
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Stnttgartj electrical output and efficiency of generating statioiii^ frazn 19i>l tol 

1905, Tabfe 47 
Sub-station 

Ei^uipment: CC generators preferable, 119, 120; rotary coQTerter^ t;«nacj 
motor generators, 114, 116 

Higbfield's cmta for OC and AC systema. 209, TahU 210 
Sunderland surface tramway load, Tabk 41 
Suporbeat, effect on economy of steam turbines and piston engines, 73^75 

See afso Steam, Superheated. 
Superheated steam. Ser Steam, Superheated. 
Superheaters 

Average cost per kw, Tahlf 155 

Itevelopment of, 65, 67 

Surface required for, 72 
Superheating, ditficulties attending, 65 
Supply system, analysis of losses in, 32 
Surface condenser, 98; considerations relating to use of with piston anginas 

and steam turbines, 100—104 
Surface tramway load, demand for electric power, 42, Tabki 41,43 
Switcbgear 

Average cost per kw, Tahte 1 55 

Higbfield*8 costs for AC and 00 systems, Pfate XL ; criticisnis, 209 
Syracuse overhead transmission line, Tfihfe 176 
Systematic procedure in the design of steam-driyen electric generating stations, 51 

Taylor*8 Fall lino, tower construction for overhead transmission, F%g. 170 
Teicbmiiller, cuiTents and current densities for underground cables, 180 
Telluride Power Co., Colorado, overhead transmission line, 7*abie 177 
Temperature 

Heat and^ relation between, 3, 21 
Biee 

(of) Copper and aluminium overhead conductors, 16?J, Tahh 162 
Slot insulation, advantages of reduction in thickness, 107 
(of) Vaporisation *ir condensation, 92, 93 
Teats of Mgh*speed machines 

Insulation, importance of, progress impeded owing to lack of inveetigation, 

106—109, 111, 112 
Mechanical, 109—112 

Short circuit on alternator windings, 109, 110 
Thermodynamic efficiency, 14 

Third rail vcmm overhead construction, 284 — 288 ^ 

Thorn kill power station. Sue Yorkshire Power Co, 
Three- core lead covered cables. See Cables, 
Three phase AC system of transmission. See High Tension Transmissioa 

System, AC. 
Thury 

Continuous current series system, 8tc High Tension Transmission System. 

CO. 
Testa of disruptive strength of air for CC and AC, 212, Table 213 
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Toulon overhead transmission line data, Table 176 
Traction motors and the electrification of railways, 240 et seq. 
Continuous current motors, 

G. E. 69 and G. E. 66, data of weight and output, 246 

Bated output and comparison with single and three phase motors : 

ventilated, 245, 247, 248 ; with forced draught, 249—251 
Weights of equipments, discussion and comparison, 257 — 261 
Data of representative railway motors and equipments, 246, Table 248, 

Plate XVL ; discussion and comparison, 256 — 261 
Electrical equipment, weight of, 242 ; discussion and comparison, 255 — ^261, 

Plate XVI. 
One hour rating, 243 ; comparison of three types on basis of, 245—251 
Bated capacity of motors, comparison of three systems, 240 ; Valatin on, 

254, 255 
Bated outputs and weights, comparison of three systems : ventilated motors 

245—248 ; forced draught ventilation, 249—251 
Service capacity of motor, ratio to one hour rating, 244, 261 
Single phase motors. 

Compensated repulsion motors, train consumption calculations, 276 — 

280 
Compensated series motors, train consumption calculations, 261—276 
Limitations, 274—276 
Bated output and comparison with three phase and CC motors : 

ventilated, 246—248 ; with forced draught, 250, 251 
Service capacity, estimation of, 261 
Ventilation, 249 
Weights of equipments, discussion and comparison, 256 — 261, Plate 

XVI. 
Westinghouse 150 hp, weight of, comparison with similar CC motor, 
241 
Single phase versus three phase. 

Efficiency and weight, 241—243, 254, 255 
Service capacity, ratio of one hour rating to, 244 
Three phase motors, rated output and comparison with CC and single 

phase : ventilated, 247, 248; with forced draught, 250, 251 
Trucks, weight of, 242 
Ventilation, 244 
Weight, 241—243 
Tractive 

Force, acceleration and speed, relation between, 234 
Besistance calculations, 224 — 235 

Air and mechanical friction, relative values, 228 
Formula for calculating, Aspinall's, 226, 291 ; altematiye fonnuU ^ 
high speeds, 231 
Train consumption calculations, 235 — 239 

Energy consumption, value of energy in one ton of ooal, 20 
System of electrification, influence of, 240 
See also Electric Traction Calculations. 
Tramcar, energy consumption, 11, 19 



886 INDEX 

Tramways, demand for electric power, 42, Table 43 
Transformation of energy, 13 ; analysis of losses during, 36 — 38 
Transformers, transmission loss in, 32 
Transforming station. See Generating Station. 
Transmission 

Lines. See High Tension Power Transmission Lines. 

Systems. See High Tension Transmission Systems. 

Voltage, 158, 174—178, 190—192 
Trolley, energy input to, 238, Plates XIV. and XV. 
Tube railways, tractive resistance on, 225, 226, Fig. 227 
Turbines. See Steam Turbines. 
Tynemouth, interior lighting ^Table 39 

Underground Electric Railways 

Demand for electric power, 42, Table 43 
Generating station (Lot's Road) 

Arrangement of power station, 128, Fig. 127 
Capacity of power station, 51 
Chimney shafts, 144, 145 
Coal storage, Table 142 

Engine room and boiler house data, Plates YUl. and IX. 
Steam piping, 61, 68 
Motors, note, 258 
Underground transmission. See High Tension Power Transmission Line. 
Unit (of) 

Abbreviations and equivalent values for units of energy, power and 

pressure {Appendix) 
Board of Trade, 2 

British thermal, equivalent of 1 kw hr, note, 19 
Energy. See Energy, Unit of. 
Pressure. See Pressure. 

Valatin 

Single phase and three phase locomotives, 254 

Weight coefficient for various traction motors, Plate XVI. 
Valtellina Railway, data of traction motors and equipments, Plate XVT. 
Vaporisation, temperature of, 92, 93 
Ventilation of railway motors 

Influence on rated output, 244 

Single phase motors, 249 
Vienna, particulars of generating stations. Table 34 ; annual output and overall 

efficiency. Tables 29, 30 
Voltage 

Regulation, advantages of separate exciter system, 154 

Single phase versus CC systems, 285, 286 

Speed and, relation between, 116 

Transmission. loS, 174—178, 190—192 
Volume and weight, 2 ; specific of saturated and superheated steam, Table 9 

Wallasey, interior lighting, Table 39 

Walthaniwtow Corporation, engine room data of generating stations, Plate Vlll. 
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Warrington surface tramway load, Table 41 

Waste heat engines, 14 

Water 

Energy required : to raise one ton of steam from water at 50** C, 21 ; to 

evaporate one ton at 0° C. into steam, 21, 22, Tables 8, 10 
Heat, 3 

Capacity of water for absorbing, 93 — 98 
Specific, at various temperatures, 4 
Temperature, heat and water, relation between, 3, 21 
Turbine, engine room data of power station employing, 134, Plate VIII. 
Weight and volume, 2 
Water-tube boilers, 58, 59 

Waterloo and City Railway, rolling stock data. Table 230 
Watson, estimate of total cost of conduit laying, 198 
Watt hour, 1, 2 

Weight and volume, 2 ; specific, of saturated and superheated steam, Table 9 
Weight of 

Electrical equipment, 

CC and AC, comparative weights, 242 

Extra equipment, discussion and comparison, 255 — 261, Pfate XVL 
Indefiniteness of term *' electrical equipment," 255 
Motors, 

Influence on rated output, 243 
Single phase and CC. motors, 241 — 243 
Steel tower for overhead transmission, 168, Tables 166, 167 
Trains : tractive resistance curves for different weights, 229 ; particulars for 
certain railways. Table 230 
Weighton, R. L., temperature of condensing water and exhaust pressure, tests 

showing relation between, 102 
Weights, comparison between high-speed steam engine sets and steam turbine- 
driven sets, 118 
West Ham interior lighting data. Table 39 
West Ham Corporation generating station 
Coal storage. Table 142 

Engine room and boiler house data. Plates YLLl. and IX. 
Westinghouse Co., data of traction motors and weight of equipments, 256, 257 
Plate XVI., Tables 258, 259; weight of 150 hp single phase motor, and 
Comparison with similar CC. motor, 241 
Westminster, particulars of generating stations, Table 34 
Wet steam, condensation calculations, 96 
Wetness factor, 6, Table 16 ; of exhaust steam from 1000 kw turbo generator, 

76, 78, Table 77 
Wheel friction losses. See Friction Losses. 
Wilgus on costs of overhead single phase construction, 285 
Wimbledon Electricity Works generating station 
Coal storage. Table 142 

Engine room and boiler house data. Plates Yill. and IX. 
Windings, alternator, mechanical design, 109 
Winnipeg overhead transmission line, Manitoba, data. Table 176 

H.B.E. Z 
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Wolverhampton Corporation generating station, engine room and boiler house 

data, PlaJUB VIII. and IX. 
Wooden pole line for overhead transmission, 159, 160 
Work. See Energy, Mechanical. 
Works cost constant for three-core cables, 186, Fig, 187 
Wurzburg, annual output and overall efficiency of generating station, TaUes 

29,30 

Yorkshire Power Co., Thomhill power station 
Arrangement, 128, Fiy$, 129, 130 
Coal storage, TahU 142 
Engine room and boiler house data, Plates Vlil. and IX. 

ZOSSEW 

Motor car, rolling stock data, Table 230 

Tractive resistance tests, 226, Fig. 227 ; analysis, 228 
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